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Abstract
Green environment is a challenging concern to accomplish in today’s world. This
could be accomplished through an effective and beneficial recycling system through
reusing solid waste materials. The study and exploration of alternative ingredients for
concrete-making industry started more than five decades ago. Concrete that contains
solid waste is referred to as “Green” concrete. Ceramic tiles are widely used in most
structures; its production creates waste powder. Using ceramic waste powder (CWP)
as an ingredient to partially replace cement in concrete will have a positive and
progressive environmental impact in addition will help reserve natural resources. In
this study, CWP material will be examined as a supplementary cementing material
(SCM) in concrete mixtures. The investigation comprised of mainly two
experimental phases. The first phase focused on examining the main properties and
characteristics of the CWP. This involved grading, specific surface area and chemical
composition. The CWP particles shape and surface texture were examined using
scanning electron microscope (SEM). The chemical composition of CWP material
was accomplished using X-ray fluorescence (XRF) technique. Furthermore,
morphology and mineralogical configuration of ceramic waste material were
determined using X-ray diffraction (XRD) method. In the second phase, CWP was
used as SCM with altered dosages replacing cement material in mixtures. At that
phase, the effect of CWP as SCM on the properties of fresh concrete was
investigated by means of slump, slump loss, setting time and plastic shrinkage tests.
The properties of hardened concrete were assessed through drying shrinkage,
compressive strength development and ultrasonic pulse velocity (UPV) tests. On the
other hand, durability characteristics were explored by water sorption, absorption,
rapid chloride permeability test (RCPT) and electrical resistivity tests. Conclusions
of the investigation shed light on how CWP material might be utilized effectively as
cement replacement in concrete mixtures as well as the optimum dosage to be used
which will result in an effective way for utilizing solid wastes and protecting the
environment. Recommendations for future investigations and studies are also
included.
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)Title and Abstract (in Arabic

إعادة تذوير مخلفاث مسحىق السيراميك واستخذامها كعنصر بذيل في الخرسانت
الملخص

كجٛشا حٛث ٚظعت رحمٛمٓب ثسٕٓنخًٚ .كٍ
رشكم انجٛئخ انخضشاء اْزًب ًيب ٔرحذًٚب
ً
انًسبًْخ ف ٙرحمٛك رنك يٍ خالل َظبو انزذٔٚش انفعبل ٔانًفٛذ ٔرنك يٍ خالل إعبدح اسزخذاو
يٕاد انُفبٚبد انظهجخ .دساسخ ٔاسزكشبف انًكَٕبد انجذٚهخ نظُبعخ انخشسبَخ ثذأد يُز أكثش يٍ
خًسخ عمٕد ٚٔ ،شبس إنٗ انخشسبَخ انز ٙرحزٕ٘ عهٗ انُفبٚبد انظهجخ ثبنخشسبَخ "انخضشاء".
ٚسزخذو ثالط انسٛشايٛك عهٗ َطبق ٔاسع ف ٙيعظى انًجبَٔ ٙإَزبجٓب ٚخهك يخهفبد يخزهفخ يُٓب
يسحٕق انسٛشايٛك .اسزخذاو يخهفبد يسحٕق انسٛشايٛك كعُظش ثذٚم ف ٙانخشسبَخ سٛكٌٕ نّ
رأثٛش ثٛئ ٙإٚجبث ٙكًب أَّ سٛسبعذ ف ٙانحفبظ عهٗ انًٕاسد انطجٛعٛخ .فْ ٙزِ انذساسخ سٛزى
دساسخ يبدح يخهفبد يسحٕق انسٛشايٛك كًبدح إحالل نجضء يٍ اإلسًُذ ف ٙطُبعخ انخشسبَخ.
رشزًم انذساسخ عهٗ يشحهز ٍٛرجشٚجٛز .ٍٛسكضد انًشحهخ األٔنٗ عهٗ دساسخ خظبئض
ٔيٛضاد يخهفبد يسحٕق انسٛشايٛك انشئٛسٛخ ٔ ،لذ رضًٍ رنك يسبحخ انسطح انُٕعٛخ
ٔانزشكٛت انكًٛٛبئ .ٙرى فحض حجٛجبد يخهفبد يسحٕق انسٛشايٛك يٍ حٛث انشكم ٔثُٛخ
انسطح ثبسزخذاو انًجٓش(انًٛكشٔسكٕة) اإلنكزشَٔٔ .ٙرى رحذٚذ انزشكٛت انكًٛٛبئ ٙنًبدح
يخهفبد يسحٕق انسٛشايٛك ثبسزخذاو رمُٛخ األشعخ انسُٛٛخ (ٔ .)X-Rayعالٔح عهٗ رنك ،رى
رحذٚذ انزشكم ٔانزكٕ ٍٚانًعذَ ٙيٍ يسحٕق انسٛشايٛك ثبسزخذاو طشٚمخ اَكسبس األشعخ انسُٛٛخ
( .)XRDف ٙانًشحهخ انثبَٛخ ،رى اسزخذو يخهفبد يسحٕق انسٛشايٛك كًبدح إحالل نجضء يٍ
اإلسًُذ ( ) SCMيع جشعبد يزغٛشح ف ٙانخهطبد .ف ٙرهك انًشحهخ ،رى فحض رأثٛش يخهفبد
يسحٕق انسٛشايٛك كًبدح ثذٚهخ نإلسًُذ عهٗ خٕاص انخشسبَخ انطبصجخ عٍ طشٚك لٛبط
انٓجٕط ،يعذل فمذاٌ انٓجٕط ،صيٍ انشكٔ ،اخزجبس االَكًب
انًزظهذح يٍ خالل لٛبط اَكًب

انهذٌٔ .رى رمٛٛى خظبئض انخشسبَخ

انجفبف ٔ ،رطٕٚشيمبٔيخ انضغظ يع انضئٍ ،اخزجبس سشعخ

انًٕجبد فٕق انظٕرٛخ ( .)UPVيٍ َبحٛخ أخشٖ ،رى دساسخ خظبئض انذًٕٚيخ عٍ طشٚك
لٛبط لذسح ايزظبص انًبءٔ ،يعذل االيزظبص نهًبءَٔ ،فبرٚخ إَٔٚبد انكهٕسٚذاد ()RCPT
ٔ،انًمبٔيخ انكٓشثبئٛخٔ .خهظذ انذساسخ عهٗ رسهٛظ انضٕء عهٗ كٛفٛخ اسزخذاو يخهفبد
يسحٕق انسٛشايٛك ثفبعهٛخ كًكٌٕ إحالل نجضء يٍ اإلسًُذ ف ٙخهطبد انخشسبَخ ٔكزنك

x

انجشعخ انًثهٗ السزخذايٓب ،ك ٕسٛهخ فعبنخ نالسزفبدح يٍ انُفبٚبد انظهجخ ٔ حًبٚخ انجٛئخ .كًب
رضًُذ انذساسخ ثعض انزٕطٛبد نهذساسبد انًسزمجهٛخ.
كلماث البحث الرئيست :انجٛئخ انخضشاء ٔانخشسبَخ انخضشاء ،إعبدح انزذٔٚش ،يخهفبد يسحٕق
انسٛشايٛك ،انًجٓش(انًٛكشٔسكٕة) اإلنكزشَٔ ، ٙانخشسبَخ انطبصجخ ،انخشسبَخ انًزظهجخ.
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Chapter 1: Introduction
1.1 Overview
Concrete is the world’s most consumed man-made material. It is the most
widely used construction material because of its high compressive strength and
flexibility in structural forms as it can be placed and molded into many shapes.
Concrete have the capability to be combined with steel or recently carbon or glass
fiber reinforcements to form structural elements. Moreover, its adaptability and
relative durability properties relative to other construction materials gave concrete its
preferable characteristics.
The main constituents of concrete are coarse aggregate, fine aggregate,
cement and water. Despite that Portland cement particles occupies only 10% to 15%
of the concrete mixture total volume; it is a critical material structure that after
reacting with water combines and binds other constituents together. Unfortunately,
the production of 1 ton of Portland cement generates around an equal amount of
carbon dioxide (CO2) (Sadek et al. 2014). The combustion of fossil fuel and cement
manufacture techniques considered the main producers of CO2 that drive the climate
changes. The cement industry contributes to around 5-8% of the annual global greenhouse gas emissions to the atmosphere (Najim et al. 2016). The concrete production
has been looking for techniques that might effectively decrease the elevated energy
and negative environmental impacts of cement making that may lead to greener
environment.
Due to the growing interest in sustainable development, the adaption of
appropriate policies and proper methods to save the environment across all
industries, including construction attracted the attention of researchers all over the
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world. The continued growth of societies and human developments increased the
reliance on natural and non-renewable resources to encounter consumers demand.
This ends with the continual increase of industrial wastes, which constitutes one of
the major worldwide environmental challenges. These quantities of industrial solid
waste are being deposited annually. The waste management technique decreases the
consumption of raw resources and required energy in addition helps in saving the
exhausted landfills.
The concrete industry plays a major role in the sustainable development.
Several industrial solid wastes have properties which suits concrete; the most popular
ones are blast furnace slag, fly ash and silica fume which are currently used as
supplementary cementitious materials (SCM) in concrete and are common in today’s
concrete industry, they were proven to improve and develop the fresh and hardened
properties of the produced concretes (Batayneh et al. 2007). The use of SCM in
concrete has twofold advantages; first is clear and immediate environmental benefit
of using a material that was once a landfill and second reducing some negative
effects of cement production mainly high energy consumption and emission of
greenhouse gas. Therefore, there are potentials to increase the solid waste recycling
by investigating the possibility to use other industrial solid wastes in concrete
production.
Ceramic tiles are widely used in most structures; its production generates
ceramic waste powder (CWP) during the polishing process of ceramic tiles. In Abu
Dhabi, the capital of United Arab Emirates (UAE), the average CWP produced from
one company is estimated at 10,000 tons/year. This brings a major challenge with
respect to its environmental impact. On the other hand, it represents a good
opportunity as an alternative concrete ingredient if it could be utilized in making
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concrete. Several researchers have investigated the effects of using ceramic wastes
(i.e. roof tiles, blocks, bricks, electrical insulators...etc.) as coarse aggregates such as
(Senthamarai et al. 2011) and (Martínez et al. 2013). (Bahoria et al. 2013), (Jiménez
et al. 2013) and (Higashiyama et al. 2013) investigated the use of ceramic wastes as
fine aggregates. While, (Rahhal et al. 2014) and (Sadek et al. 2014) indicated the use
of ceramic wastes as SCM in concretes and mortars.
1.2 Scope and Objective
This study aims at investigating the CWP as a cement replacement in
concrete mixtures. The effect of incorporating CWP as partial cement replacement
from 0 to 40% by mass will be investigated on the fresh and hardened properties of
three strength grades 25, 50 and 75 MPa concrete mixtures. The durability
performance of the hardened concretes is evaluated as well. The specific objectives
are as follows:
1.

Evaluate and judge the CWP for suitability to be used in concrete as alternative
ingredient.

2.

Using CWP as supplementary cementing material (SCM) in concrete mixtures
with different dosages.

3.

Assessing the effect of CWP as SCM on the fresh concrete properties; slump,
slump loss, setting time and plastic shrinkage.

4.

Evaluating the hardened concrete properties such as drying shrinkage,
compressive strength and durability characteristics.

5.

Provide guidelines on recycling and using CWP which will help solving an
environmental problem and at the same time contribute to making sustainable
and green concrete.
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1.3 Outline and Structure of the Thesis
An extensive and broad literature review of available previous and recent
studies that were carried out on using different ceramic waste types and dosages in
concrete production are summarized and presented in Chapter (2).
Chapter (3) presents a detailed description of the materials properties used to
prepare the concrete mixtures, concrete mixtures proportions, the experimental tests,
set up and instrumentations are also depicted in the same chapter.
The results of the tested specimens are presented in Chapter (4). CWP
characterization, fresh concrete tests (i.e. slump and slump loss, setting time and
plastic shrinkage), hardened concrete properties (i.e. compressive strength, drying
shrinkage and ultrasonic pulse velocity (UPV)), and durability tests (i.e. rapid
chloride permeability test (RCPT), bulk electrical resistivity test, sorptivity and
permeable pores tests) are presented and discussed in this chapter.
In Chapter (5), the performance of the concrete mixtures including CWP as a
multi-functional material is assessed by using a “Performance Index” method.
Chapter (6) presents a summary of the investigation, general conclusions of
the study, and recommendations for future studies on CWP as partial replacement of
cement in concrete mixtures.
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Chapter 2: Relevant Literature
2.1 Introduction
Relevant research work and effort on the utilization of recycled ceramic
waste material in concrete mixtures are summarized and discussed in this chapter.
The recycling and utilization of ceramic wastes (i.e. particles and powder) in
concrete and mortar have attracted the attention of several researchers. The
utilization of ceramic waste powder (CWP) will produce major benefits mainly to
protect the environment, achieve sustainable development and be a cheaper concrete
ingredient but almost equivalent to other SCM already used in concrete industry. The
objective of this study is to examine the possibility of reusing CWP as a partial
replacement of cement in concrete making.
The properties of fresh and hardened concrete mixtures (i.e. slump/slump
loss, compressive strength and durability) incorporating CWP as cement replacement
with different substitution levels was investigated. Different ceramic waste nature,
replacement types and ratios in addition to the main tests and general conclusions
have been highlighted and discussed. Available previous studies on the use of
ceramic waste (CW) as coarse aggregate are first presented and discussed. This was
followed by a review of the available studies on the use of ceramic waste replacing
fine aggregates in concrete mixtures. Also, the use of CWP to replace cement is
presented. Finally, the replacement of more than one concrete component by ceramic
waste products was reviewed. The importance of the present study is then
highlighted at the end of the chapter.
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2.2 Aggregate Replacement
2.2.1 Coarse Aggregate Replacement
Several investigations were carried out in order to study the properties of
recycled coarse ceramic waste in concrete production.
De Brito et al. (2005) investigated the mechanical behavior of non-structural
concrete made with recycled ceramic aggregates intended for the production of 50
mm thick pavement slabs. The properties of the ceramic aggregate concrete were
examined some fresh concrete tests such as specific density in addition to the
mechanical characteristics like compressive strength, flexural strength and abrasion
resistance. The ceramic waste used in the study was obtained from a Portuguese
factory where the waste was crushed and ground to replace the usual coarse
aggregate in order to generate 50 mm thick pavement slabs. The study investigated
four concrete mixtures with several replacement proportions of usual aggregate
mainly; zero, 1/3, 2/3 and 3/3 by mass.
It was concluded from the results that it was possible to use recycled ceramic
waste as coarse aggregates from several construction and demolition places in the
manufacture of non-structural concrete. The higher amount of water absorbed by
ceramic waste aggregate caused a problem to the durability issues where the presaturation process considered being a relative solution for it. Specific density
characteristics for all mixtures revealed that as the substitution percentage of crushed
stone aggregate by the ceramic waste increases, the specific density decreased.
Ceramic waste aggregates are lighter and less resistant if compared to the usual
aggregate used in concrete mixtures where the compressive and flexural strengths
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decreased as the amount of ceramic aggregate in concrete increased. The reduction in
compressive strength is much higher than that in the flexural strength with 45 and 26
%, respectively when all of the original aggregate was replaced by ceramic waste
aggregate. Additionally, the abrasion resistance of concrete prepared with ceramic
aggregate was higher than that of concrete with natural crushed aggregates.
Senthamarai and Devadas Manoharan (2005) examined the concrete with
ceramic waste aggregate and analyzed the compressive, flexure, tensile and Young’s
modulus of elasticity of concrete including ceramic waste coarse aggregate compared
to conventional concrete. The investigation program consists of two main phases.
First, analyzing the properties of ceramic waste aggregate plus making some
comparisons with the conventional crushed stones. Second, reporting the
performance of fresh and hardened concrete mixtures with ceramic coarse aggregate
and comparing them to the original concrete mix. This was achieved through 12
concrete mixes divided into 2 groups each group included 6 mixtures with different
water/cement ratio (w/c) of 0.35, 0.4, 0.45, 0.5, 0.55 and 0.6. One group was made
using crushed natural aggregate and the second group included ceramic waste
aggregate.
The investigation concluded that, the ceramic waste could be converted into
coarse aggregate and used in making concrete with characteristics within the range of
the values of concrete making aggregates. Concrete mixtures including ceramic
waste coarse aggregate were more workable and cohesive compared to the control
mixture. The measured compressive, splitting tensile and flexural strengths of
ceramic waste aggregate concrete were lower than those of conventional concrete by
3.8%, 18.2% and 6%, respectively. Generally, properties of ceramic waste coarse
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aggregate concrete were not considerably unlike from those of conventional concrete
aggregate.
Martínez et al. (2009), inspected the effect of using ceramic waste in
structural concretes. The purpose of this study was to define and evaluate the waste
material formed by sanitary ceramic production that might be reused as
manufactured aggregate in structural concrete. This had been achieved through
replacing various proportions of natural aggregate. Various tests were conducted in
order to find the physical and mechanical properties of the conventional and the
ceramic waste aggregates before being used in concrete mixtures. The X-ray
diffraction (XRD) technique used to recognize the crystalline structure of the
recycled ceramic aggregate used in concrete mixtures. In addition, compressive
strength used to evaluate the mechanical property of structural concrete. Also,
indirect tensile strength values were measured at 7, 28 and 90 days of age.
Experimental results showed that the reused ceramic waste aggregate (CWA)
provided by a sanitary ceramic factory were appropriate for making of concrete.
Also, as the CWA replacement percentage increased in mixtures, compressive and
tensile strength measurements increased. Moreover, structural concrete could be
made by partial replacement of conventional coarse aggregate with ceramic waste
aggregate.
A similar investigation carried out by Guerra et al. (2009), reported the
effects of using recycled ceramic material from sanitary installations on the
mechanical properties of concrete. The ceramic waste delivered and used in the study
was pure without residuals. This made it easier for the researchers to start the
grinding and crushing process without the need of cleaning the waste. Five concrete
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mixtures with several percentages of ceramic waste by mass as substitution of coarse
aggregate were prepared 0%, 3%, 5%, 7% and 9% and a constant water to cement
ratio (w/c) of 0.51 for all mixtures was used. With the purpose of finding the
mechanical properties of concrete mixtures with ceramic waste aggregate under
laboratory conditions, compressive strength tests were conducted at 7, 14 and 28
days of age. The outcomes from the study showed that, the use of ceramic waste
replacing part of the original coarse aggregate was feasible. An enhancement in
concrete traction was observed while the use of 5% ceramic coarse aggregate
replaced with natural gravel in the concrete mixture. The partial use of ceramic waste
as coarse aggregate by 7% in concrete mixtures preserved and improved strength.
An experimental study related to the durability characteristics of concrete
mixtures included ceramic waste coarse aggregate was carried out by Senthamarai et
al. (2011). The study involved the use of ceramic electrical insulator waste coarse
aggregate through several concrete mixtures using six different water to cement ratio
(w/c); 0.35, 0.40, 0.45, 0.50, 0.55, and 0.60. Water content was kept constant 186
l/m3 for all mixtures; in addition, the maximum size of coarse aggregate used was 20
mm. The study stated that the volume of water and coarse aggregate was maintained
whereas; the volume of cement and sand was varied. From the outcomes of this
investigation, it has been concluded that there were no significant variation in the
basic trend of permeation features such as volume of voids and water absorption,
RCPT and sorptivity of the reused ceramic aggregate in concrete compared to the
conventional aggregate concrete. Also, as the w/c increased in both concrete
mixtures with and without ceramic waste coarse aggregate, the permeation
measurements increased.
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Martínez et al. (2012a) investigated the gas permeability of concrete
containing recycled ceramic sanitary ware aggregate, where the ceramic waste used
as coarse aggregate in the making of concrete by partial substitution of 20% and 25%
by weight of the natural aggregate. Ceramic waste aggregate (CWA) used to
formulate the experimental concrete mixtures were crushed and ground with a jaw
crusher. Three concrete mixtures were prepared for the study, a reference concrete
(RC), and two concrete mixes made up with recycled ceramic coarse aggregate, (CC20 and CC-25). These mixtures were tested for compressive strength, pore size
distribution, oxygen (O2) and carbon dioxide (CO2) permeability. Research findings
showed that the presence of CWA improved pore size distribution, increased the
volume of capillary pores and reduced the volume of macro-pores. CWA in concrete
improved the mechanical properties; compressive strength values of CC-20 and CC25 increased by 7% and 12% respectively relative to the reference concrete. There
was no negative influence observed by the replacement of original aggregate with the
CWA on concrete oxygen permeability. The contradictory performance was detected
for natural carbonation, where it was constant with the addition of the CWA.
An experimental study related to the microstructure and properties of
concrete using recycled ceramic sanitary ware industry waste as coarse aggregate
was carried by Martínez et al. (2012b). This study investigated the feasibility of
integrating ceramic production waste as partial replacement by 15%, 20% and 25%
of original coarse aggregate in making of structural concrete. In this study, concrete
mixtures that included several replacement percentages of ceramic waste were
analyzed by determining the morphology, microstructure and the mechanical
behavior. The investigation included four concrete mixtures; a reference concrete
(RC) and three concrete mixtures including recycled ceramic aggregate by 15% (CC-
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15), 20% (CC-20) and 25% (CC-25) replacement percentages by weight of the
regular coarse gravel. Compressive and splitting tensile strengths were measured at
28 days of age. Several methods were used to study the concrete microstructure
using mercury intrusion porosimetry (MIP) and scanning electron microscopy
(SEM), whereas distribution of the diverse chemical elements in the concretes was
considered using back-scattered scanning electron microscopy (BSE).
Research findings verified the possibility of using ceramic waste as reused
coarse aggregate in making concrete for structural purposes. The mechanical
performance of the ceramic waste aggregate concrete developed compared to the
reference concrete. Concrete with 25% ceramic waste increased the compressive
strength by 12% and a similar trend was observed in the splitting tensile strength
relative to the conventional concrete. Additionally, less porous and denser interfacial
transition zone (ITZ) was noticed while the use of recycled ceramic aggregate in
concrete mixtures compared to that of reference one. The presence of CWA modified
the pore structure, increased the volume of capillary pores and reduced the volume of
macro-pores. Finally, it was observed that the CWA did not get involved in chemical
reactions throughout the hydration.
In another study, Martínez et al., (2012c) provided a study about the reuse of
sanitary ceramic wastes as coarse aggregate in eco-efficient concrete. The
mechanical characteristics of concrete mixtures including ceramic waste aggregate
partially replacing coarse aggregate by 15%, 20% and 25% by mass was studied.
Furthermore, the microstructure in the interfacial transition zone (ITZ) between paste
and coarse aggregates either conventional or recycled was examined by the use of
scanning electron microscopy (BSE/SEM). XRD technique was used to determine
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the mineral phases as a result of the hydration procedure. Investigation outcomes
exhibited that, eco-efficient concrete mixtures showed a better mechanical
performance with respect to compressive and tensile strengths compared to the
reference one. Also, through increasing the percentage of ceramic waste aggregate
replacing original coarse aggregate in mixtures, the mechanical properties improved.
It was also concluded that, CWA was not impeded in the chemical reactions during
the cement hydration process. The replacement of ordinary coarse aggregate by
CWA material presented plentiful technical, economic and environmental benefits,
which are significant in the contemporary sustainability perspective within the
construction business.
A recent research work was carried out by Martínez et al. (2013) in order to
explore the properties of the reused ceramic aggregate concrete mixtures and their
water resistance. The investigation discovered the influence of using ceramic waste
as a restricted replacement for the regular natural coarse aggregate on the mechanical
and water resistance properties. The testing strategy involved the determination of
slump, density, compressive and splitting tensile strengths, pore size distribution,
effective porosity, total water absorption, sorptivity and resistance to water
permeation under pressure. Three concrete mixtures were used in the study; a
reference mix (RC) and two mixtures with reused ceramic aggregate, wherein 20 and
25 wt. % of the coarse aggregate was substituted with crushed ceramic waste.
Conclusions stated that, as ceramic aggregate content increased in mixtures, the
mechanical strength improved and the total porosity increased slightly, in addition
the pore size distribution modified. Also, the reused aggregate showed better
durability performance compared to the conventional aggregate concrete.

13

Using recycled ceramic waste as an alternative for natural coarse aggregate in
making concrete in the previous studies had been presented in details. Table 2-1
summarizes the main findings of these investigations.
Table 2-1: Summary of Previous Studies Using Ceramic Waste as Coarse Aggregate
Replacement
MICROSTRU.
CHARACH.
STUDY

REP. RAITO

CURING
ENV.

TESTS
CONDUCTED

MAIN CONCLUSIONS
SEM

XRD

XRF

R(1) = 0

-Pre-saturation of CWA is used
for high amount of water
absorbed by CWA.

-Workability
R(2) =
De Brito et
al. (2005)

R(3) =
R(4) =

Humid
chamber

-Specific Dens.

T 20 ⁰ C

-Compressive
Strength

Avg. r.h.
100 %

-Flexure

No

No

No

-Abrasion resistance of concrete
with CWA is higher compared to
regular concrete.

-Abrasion

R(1) = 0
R(2) =
Correia et
al.(2006)

-Durability &
water
absorption
Control
room

-Durability of concrete with
CWA might be its major
inadequacy.

-Capillarity

T 20 ⁰ C

No

No

No

R(3) =
R(4) =

Avg. r.h.
50 %

Durability &
water absor.

Senthamarai
and Devadas
Manoharan,
(2005)

-Workability

w/c(2) =0.40

-Compressive
Strength

w/c(3) =0.45
w/c(4) =0.50

Water
tank
T 27±2⁰C

-Flexure

-As the ratio of the CWA
increased in mixture, water
absorption either by capillarity or
immersion improved.
-Any sever environment agents
like deleterious salts might
simply penetrate into the
concrete.

-Immersion

w/c(1) =0.35

-Compressive and flexural
strengths decreased as CWA
increased, 45 and 26 %,
respectively.

No

No

No

-Splitting

-Lower results obtained after
conducting compressive, splitting
tensile and flexural strengths of
CWA concrete.

w/c(5) =0.55
-Young’s
modulus, E

w/c(6) =0.60

Martínez et
al.(2009)

N.A.

N.A.

-Compressive
Strength
-Indirect tensile

-CWA provided by ceramic
industry was proper for the
making of concrete.
No

Yes

No
-CWA partially replacing
ordinary coarse aggregate was
suitable for structural concrete.
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Table 2-1 (cont’d)

STUDY

REP.
RAITO

CURING
ENV.

TESTS
CONDUCTED

MICROSTRU.
CHARACH.
MAIN CONCLUSIONS
SEM

XRD

XRF

R(1) = 0%
R(2) = 3%
Guerra et
al.(2009)

R(3) = 5%
R(4) = 7%

-An enhancement in concrete
traction was observed while
the use of 5% CWA replaced
with natural gravel.

Chamber
T 20 ⁰ C
Avg. r.h.
95 %

-Compressive
Strength

No

No

No
-Partial use of CWA by 7%
in concrete mixtures
maintained and improved
strength

-Indirect tensile

R(5) = 9%
w/c(1) =0.35
w/c(2) =0.40
Senthamarai
et al.(2011)

w/c(3) =0.45

No

-Water absorption
Water
tank

No
w/c(4) =0.50

T 27 ± 2
C

-No important variation in the
permeation characters
(i.e.volume of voids, water
absorption, RCPT and
sorptivity) of CWA concrete
compared to the regular
concrete.

-Volume of voids
No

-Sorption

w/c(5) =0.55
-Chloride diffusion.
w/c(6) =0.60

-Compressive
Strength

Chamber
R(1)= 0 %
Martínez et
al. (2012a)

R(2)= 20 %

Avg. r.h.
65 - 75 %

-CWA increased the volume
of capillary pores and
reduced the volume of
macro-pores.

-Pore size
distribution.
Yes

T 20 ± 2
⁰C

R(3)= 25 %

-CWA improved the pore
size distribution.

Yes

No

-O2 perm.

-For natural carbonation, it
was constant with the
addition of the CWA.

-CO2 perm.

Martínez et
al.(2012b)

R(2)= 15%
R(3)= 20%
R(4)= 25%

-Concrete with 25 % CW
achieved higher compressive
and splitting tensile strengths
relative to the conventional
concrete.

-Compressive
Strength

R(1)= 0%
Chamber

Yes
T 20±2⁰C

-No negative influence
observed by the replacement
of original aggregate with the
CWA on concrete oxygen
permeability.

Yes

No

-CWA in concrete refined
pores’ system, increased
volume of capillary pores and
reduced volume of macropores.

-Splitting
-CWA did not get involved in
cement chemical reactions.
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Table 2-1 (cont’d)

REP.
RAITO

STUDY

CURING
ENV.

TESTS
CONDUCTED

MICROSTRU.
CHARACH.
MAIN CONCLUSIONS
SEM

R(1)= 0%
Martínez et
al.(2012c)

Martínez et
al.(2013)

XRF

-Compressive
Strength

R(2)= 15%
N.A.

Yes

Yes

No

-As the proportion of the
coarse aggregate replaced by
CWA increased, mechanical
characteristics of recycled
concretes developed.

R(3)= 20%
R(4)= 25%

-Splitting

R(1) =0 %

-Compressive,
Splitting

R(2) =20%
R(3) =25%

r

XRD

N.A.

-CWA was not affected by
the chemical reactions during
the cement hydration.

No

No

-Water Absorp.,
Sorptivity,

Yes

-Slight higher porosity in
concrete including CWA did
not affect water penetrability.
CWA showed better
durability compared to the
natural aggregate concrete.

Rx = Replacement Level of Ceramic Waste by Volume

2.2.3 Fine Aggregate Replacement
Some studies dealt with the use of ceramic waste as fine aggregate
replacement in making concrete mixtures and/or mortars.
Research carried out by Lopez et al. (2007), showed the impact of using
white ceramic powder on the mechanical properties of concrete. Ceramic powder
brought from demolition site debris and ceramic waste industries was used and
partially replaced natural fine aggregates. Five concrete mixtures; M10, M20, M30,
M40 and M50 that replaced natural fine aggregates with 10, 20, 30, 40 and 50 % by
weight were prepared. Table 2-2 shows the mixtures composition as stated in the
study. Water to cement ratio (w/c) of all mixtures kept as 0.51 which modified and
corrected at later stages. The obtained ceramic tiles were crushed and sieved to
achieve the fine aggregate size. Test results showed that, an improvement in the
compressive strength measurements was observed while replacing sand with white
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ceramic powder. On the subject of traction resistance, white ceramic powder did not
provide any visible difference compared with the control concrete.
Table 2-2: Sand and Ceramic Amounts for Each Mixture (Lopez et al., 2007)
Mixture I.D.

Sand (kg/m3)

Ceramic (kg/m3) Ceramic (%)

M - 10

628

70

10

M - 20

558

140

20

M - 30

488

209

30

M - 40

418

279

40

M - 50

350

350

50

Higashiyama et al. (2012) studied the chloride ion penetration into mortar
containing ceramic waste aggregate. In this investigation, ceramic waste aggregate
(CWA) provided by an electrical power firm was crushed and ground into several
aggregate sizes to partially replace natural fine aggregate. The impact of the CWA
was inspected more by changing the type of fine aggregate (i.e. river sand and
CWA), particle size and amount of CWA once used as fine aggregate, plus the
proportion of the CWA to fine aggregates while replaced by fine aggregate to some
extent. Four mortars where prepared (1) grouts prepared by diverse fine aggregates,
(2) mortars with different CWA particle size, (3) grouts made of different CWA
amount, and (4) mortars made of different CWA replacement ratios. The study
reported the mortars’ performance and resistance by conducting the chloride ion
penetration migration tests and the compressive strength test.
Test results showed that, CWA mortars’ compressive strength was higher
relative to the saturated surface-dry river sand (SSD) mortar also was improved as
the quantity of fine aggregates increased. This might be due to the cohesion between
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CWA and cement paste in addition to the enhancement in the pore system. The depth
of chloride ion penetration in CWA grout was apparently lower than the other
mortars. During the rapid chloride migration assessment, the effective diffusion
coefficient of the CWA mortar reduced by 63% relative to the river sand mortar.
Bahoria et al. (2013) completed a study about the replacement of natural sand
in concrete by waste products. This study considered being a state of art that
exhibited a comprehensive review about waste and recyclable materials that might be
efficiently used in making concrete as sand replacement. The Investigation
highlighted the use of various waste materials that replaced natural sand in mixtures.
Whenever durability aspect is not the major concern, screenings or as known by
manufactured sand fine aggregate might replace fine aggregate in blended shape.
Sheet glass powder (SGP) waste believed being appropriate for fine aggregate
replacement in concrete production where the tensile strength of cubes and cylinders
for mixtures is higher compared to the regular concrete. Crushed granite fine (CGF)
might partially replace river sand (RS) by 20% in making concrete for rigid
pavements. Through the partial substitution of spent fire bricks (SFB) by
conventional sand with 25%, satisfactory concrete mixture strength observed. By
replacing crushed rock flour waste by natural sand by 40%, slight loss in the
workability of concrete was observed. Substituting nano-silica by natural sand
decreased CO2 footprint of the produced concrete products. The replacement of
finely ground waste glass by natural sand resulted in enhancing compressive strength
values significantly. Incinerated sewage sludge (ISSA) used only in the production of
aerated concretes. Replacing olive husks by natural sand 25% guaranteed a
reasonable concrete performance. Light weight concrete might be produced using
crushed ceramic aggregates where the strength was not affected.
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A research work was carried out by Jiménez et al. (2013) investigated the use
of fine recycled aggregates from ceramic waste in masonry mortar manufacturing.
Various techniques were used to analyze the data from the aggregates and cement
like the powder X-ray diffraction patterns (PXRD), scanning electron microscope
(SEM) to find the surface morphology of some specimens and the EDAX. Five
mortars were made and replaced natural sand with (0, 5, 10, 20, and 40) % fine
recycled aggregate (DMA) by volume. This investigation studied the effect of
replacing DMA by natural sand on some fresh properties (i.e. density, air content and
workability) in addition to some hardened properties (i.e. dry bulk density,
compressive and flexural strengths, dimensional instability (shrinkage), adhesive
strength, water absorption due to capillary action and water vapor permeability).
Test results showed that both workability and bulk density of fresh mixtures
reduced as the replacement ratio increased while entrained air was not affected by the
increase in replacement ratio. As the DMA replacement level increased in mixtures,
the dry bulk density decreased, furthermore, the mechanical properties of the
mixtures included up to 40% DMA by natural sand volume enhanced. Shrinkage
displayed a similar performance over time while the adhesive strength of hardened
mortar was not influenced by the substitution ratio. To sum up, replacing recycled
ceramic waste aggregate by natural sand with up to 40% DMA by volume did not
significantly influence the characteristics of fresh and hardened low strength mortar,
with the exclusion of density and workability.
Higashiyama et al. (2013) explored a visual investigation on chloride ingress
into ceramic waste aggregate mortars having different water to cement ratios as
continuation to a former experimental study about the quick chloride migration
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examination. This paper presented the impact of the chloride ingress in the ceramic
waste aggregate concrete by applying silver nitrate (AgNO3) solution spray method
and an electron probe microanalysis (EPMA) at the end of 6 months of submersion
in 5.0% sodium chloride solution by weight. The experimental program included
studying ceramic waste aggregate (CWA) concrete at varied range of w/c ratio 0.4,
0.5, and 0.6 by weight. Ceramic waste aggregate (CWA) used in the study was fine
aggregate compared to river sand in mortar mixtures. Mixtures were tested for
compressive strength, chloride penetration depth and apparent chloride diffusion
coefficient.
Research results demonstrated that concretes with CWA achieved the same
compressive strength of the river sand mortars. Generally, it was observed that as the
w/c ratio decreased, the chloride penetration depth decreased too and more reduction
was observed in mortars with CWA. EMPA revealed that the CWA mortars showed
lower chloride diffusion coefficient compared to river sand mortars. In contrast and
by using JSCE predicting curve, it was observed that the CWA mortar was more
effective when w/c ratio was high.
Table 2-3 outlines the main conclusions of the previous investigations that
replaced recycled ceramic waste aggregate by natural fine aggregate in concrete
mixtures.
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Table 2-3: Summary of Previous Studies Using Ceramic Waste as Fine Aggregate
Replacement

STUDY

REP.
RAITO

CURING
ENV.

MICROSTRU.
CHARACH.

TESTS
CONDUCTED

MAIN CONCLUSIONS
SEM

XRD

XRF

R(1) = 0%
R(2) = 10%
Lopez et al.
(2007)

R(3) = 20%
R(4) = 30%
R(5) = 40%

Chamber

-Compressive
Strength

T 20 ⁰ C
-Flexi-traction
Avg. r.h.
95 %

No

No

No

-Brazilian Test

-CWA concrete showed
improvement in compressive
strength results. For the traction
resistance, CWA concrete did
not show any difference
compared to control concrete.

R(6) = 50%

R(1)= 0%
R(2)= 20%
Higashiyama et
al. (2012)

R(3)= 40%

Water Tank

R(4)= 60%

T 20±2⁰C

-Compressive
Strength

No

No

No

-RCPT

-Compressive strength of CWA
grout was higher than river sand
mortar also was improved as the
quantity of fine aggregates
increased due to the cohesion
between CWA and cement paste
+ refinement in pore system.
-Chloride ion penetration depth
in CWA grout was lower than
the other mortars. Effective
diffusion coefficient of CWA
mortar reduced by 63% relative
to river sand mortar.

R(5)= 80%
R(6)= 100%

-If durability is not the major
concern, screenings might
replace fine aggregate in
blended shape. Sheet glass
powder (SGP) waste might
replace fine aggregate in
concrete to improve tensile
strength. Crushed granite fine
(CGF) might partially replace
river sand (RS) by 20% to
produce concrete for rigid
pavements. Partial replacement
of spent fire bricks (SFB) by
natural sand with 25%,
improved mixtures’ strength.
Bahoria et al.
(2013)

N.A.

N.A.

N.A.

No

No

No

By replacing crushed rock flour
waste by natural sand 40%,
slight loss in the workability of
concrete was observed. Also
replacing nano-silica decreased
CO2 footprint of the produced
concrete products. Incinerated
sewage sludge (ISSA) used only
in the production of aerated
concretes. Replacing olive
husks by natural sand 25%
guaranteed a reasonable
concrete performance. Light
weight concrete might be
produced using crushed ceramic
aggregates where the strength
was not affected.
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Table 2-3 (cont’d)

STUDY

REP.
RAITO

CURING
ENV.

MICROSTRU.
CHARACH.

TESTS
CONDUCTED

SEM

Jiménez et al.
(2013)

R(1) =0 %

-Compressive
Strength

R(2) =5 %

-Flexural

R(3) =10%

N.A.

R(4) =20%

-Shrinkage

Yes

XRD

Yes

XRF

No

-Adhesive
Strength

R(5) =40%
-Water Absorp.

w/c(1) =0.40
Higashiyama et
w/c(2) =0.50
al. (2013)

Chamber
T 20±2 ⁰C

w/c(3) =0.60

r

-Compressive
Strength
-Chloride Ingress

MAIN CONCLUSIONS

-Workability & bulk density of
fresh mixtures reduced as the
substitution increased while the
entrained air was not affected.
Dry Bulk density deceased as
the replacement level of CWA
increased. Mechanical
properties of mixtures with up
to 40 % CWA by vol. of were
enhanced. Shrinkage displayed
a similar performance over
time.
-CWA concrete achieved same
compressive strength of the RS
mortars. As w/c ratio decreased,
chloride penetration depth
decreased too and more
reduction was observed in
mortars with CWA.

No

No

No

-EMPA revealed that CWA
mortars showed lower chloride
diffusion coefficient compared
to river sand mortars. In contrast
by using JSCE predicting curve,
it was observed that CWA
mortar was more effective when
w/c ratio was high.

Rx = Replacement Level of Ceramic Waste by Volume

2.3 Cement Replacement
The influence of substituting CWP by cement partially or totally had been
investigated by many researchers.
Lavat et al. (2009) presented a study about the characterization of ceramic
roof tile wastes as pozzolanic admixture to produce blended cement. In this
investigation, roof tiles were crushed in the form of powder then sieved through 44
μm (∼325 mesh) sieve. Blended cements were prepared with the replacement levels
of 20, 25, 30, 35 and 40 % of three different ceramic wastes; non-glazed (T), natural
glazed (E) and black-glazed (N) tiles plus the engagement of OPC. Various
techniques (i.e. SEM-EDX, XRD, FTIR and XRF (X-ray fluorescence)) were used to
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find the mineralogy and chemical composition of CWP at 1, 30, 60, 90 and 180 days.
Figure 2-1 shows the SEM micrographs of the different ceramic wastes. Mortars’
compressive strength improvement was chosen to test the mechanical properties of
mortars after 7 and 28 days of age.
Based on the research findings, it was concluded that the mineralogical
configuration of fired red bodies contained a combination of various fired
argillaceous minerals (predominantly amorphous kaolinite and illite). The use of
FTIR spectroscopy made the work easier in determining the partially crystalline
structures such as crystalline quartz, iron oxide and feldspars that exist as crystalline
structures in the raw materials for red ceramic products. Anorthite and incipient
mullite were identified as firing materials. Regarding the FTIR outcomes, the drop of
crystallinity might be related to the pozzolanic action of fired clays, while, the
activation was due to the amorphous nature of the ceramic waste. The study
displayed that the occurrence of feldspars and quartz did not affect the pozzolanic
activity of powdered tiles. Finally, calcined clay ceramic wastes were considered
appropriate for the partial substitution 20 to 30 % by mass of cement without any
negative effect to strength values.

Figure 2-1: SEM Images of Ceramic Waste Types: (a) N, (b) E, and (c) T (800x)
(Lavat et al. 2009)
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Vejmelková et al. (2012), checked the properties of high performance
concrete containing fine-ground ceramics as supplementary cementations material. A
varied series of parameters (i.e. material properties, mechanical, fracture
characteristics, hydric, thermal and durability properties) of concrete containing
ceramic waste as partial substitute of Ordinary Portland was studied. In this
investigation, CWP partially replaced OPC with 10, 20, 40, and 60 % by mass was
examined by X-ray spectrometer where its specific surface area was 336 m2/kg.
Research findings confirmed that CWP might be used as a partial replacement of the
ordinary Portland cement material in the concrete making as SCM. The open
porosity increased with the increase of the CWP content in mixtures; as well as the
bulk density increased to some extent in the same way. Above 20% CWP by cement
mass showed a very quick reduction in the compressive strength after 7 and 28 days
of age, however, fracture-mechanics properties drop slowly when the replacement
level was 40% CWP. The liquid water transport parameter of concrete mixture was
satisfactory at the replacement level of 20%. Increasing the amount of CWP
exchanged by OPC, decreased the thermal conductivity properties. Finally, concrete
mixtures used to study the frost resistance showed excellent results.
A research conducted about the use of ceramic waste as an effective
replacement of cement for establishing sustainable concrete was carried out by Raval
et al. (2013a). In this investigation, OPC was partially replaced by CWP with 10, 20,
30 40 and 50 % by mass in 20 MPa concrete mixtures. Concrete specimens were
tested for compressive strength at 7, 14 and 28 days. In conclusion, replacing cement
with CWP up to 30% showed an increase in the compressive strength of M 20
mixtures after 28 days of age and any further replacement reduced the compressive
strength values. Also, the cost of M 20 concrete mixture decreased by 12.67%
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therefore, it turned to economical concrete without compromising concrete strength
compared to the conventional concrete.
On the other hand, another work done by the same investigators Raval et al.
(2013b) about the use of ceramic powder as a partial replacement of cement where
the compressive strength outcomes for M 25 concrete grade showed an increase as
the substitution level of cement by CWP reached 30% by weight (27.63 N/mm 2)
after 28 days of age as seen in Figure 2-2. As the replacement level increased above
30%, the compressive strength value decreased. Moreover, regarding the cost of
concrete, it was decreased by 13.27% while the use of 30% CWP.

Compressive strength (MPa)

35
30
25
20
15
10
5
0

B0

B1
7 days

B2
14 days

B3

B4

B5

28 days

Figure 2-2: M 25 Compressive Strength Values With CWP up to 50 % Adapted by
Researcher, (Raval et al. 2013b)

Raval et al. (2013c) presented a study about the re-use of ceramic industry
wastes for the elaboration of eco-efficient concrete. The experimental program of
this study was similar to a previous paper published before and carried by the same
researchers. The purpose of this paper was to investigate the physical and mechanical
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characteristics of diverse concrete mixtures with several partial CWP% replacing
cement by weight.
Research outcomes displayed that cement that replaced by 40% CWP showed
an increase in the compressive strength of M 30 grade mixtures that reported as
31.83 N/mm2, while any addition or extra cement replacement decreased the
compressive strength. The cost of concrete at 40% CWP decreased by 18.62 % in M
30 grade mixtures and as a result concrete became more economical as seen in
Table 2-4.
Table 2-4: M 30 Grade Total Cost Adapted by researcher (Raval et al. 2013c)
Mixture I.D. Total cost per m3 Cost saving percentage
M–0

6273.28

-

M – 10

5981.21

4.65

M – 20

5689.14

9.31

M – 30

5397.06

13.96

M – 40

5104.98

18.62

M – 50

4812.90

23.27

Fatima et al. (2013) examined the ceramic dust as construction material in
rigid pavement. Up to 30% of OPC was replaced by CWP in this investigation to
evaluate the feasibility of the use of CWP <75μm as partial substitution of cement in
paving quality concrete (PQC) and dry lean concrete (DLC). Several tests were used
in the determination of the M 35 grade mixture workability, elastic modulus,
compressive strength at 7 and 28 days, split tensile strength and flexural strength of
mixtures. The water to cement ratio used was 0.45. Four mixtures with CWP
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replacing cement with 0, 10, 20 and 30 % were prepared.
The conclusions drawn from this investigation showed that the reported
slump values of CWP concrete were between 75 to 100 mm. An increase in the
compressive strength results by 3.9% at the substitution level of 20% CWP and 0.46
w/c ratio was observed. The outcomes from split tensile strength and flexural
strength were slightly decreased at all water cement ratio with (2 to 3) % relative to
the control concrete. Finally, CWP material might be used in road construction in the
PQC and DLC.
A very recent investigation held by Sadek et al. (2014) concentrated on the
utilization of ceramic wall tiles waste in blended cement. The purpose of this
investigation was looking for the impact of using ground CWP on the fresh and
hardened characteristics of concrete. Natural fine and coarse aggregates beside tap
water and the incorporation of OPC cement type were used in this study. Two
experimental phases were set to achieve the previous aim as follows, phase one
focused on the determination of the characteristics of cement pastes that involved
CWP (i.e. soundness, required water and initial and final setting times). Phase two
concern was the determination of the compressive and flexure strengths after 2 and
28 days of age. Several replacement ratios of CWP weight by cement were used in
the study as 0, 5, 10, 15, 20, 25, 30 and 35%.
At the end of the study, it was found that cement pastes used fired ceramic
tiles waste showed good conformity especially thru investigating soundness, setting
time in addition initial and standard compressive strength. Furthermore, as the
substitution level of CWP increased in both mortars and pastes, water absorption
property increased too while bulk density decreased slightly. Moreover, in grout
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samples that include 0, 20 and 35% replacement levels and after 28 days of age, the
content of several components as (Cl, SO3) and LOI was dropping as the substitution
level increased. Finally, the range of replacement level from (21 up to 35) CWP %
by OPC found being effective in the concrete making and conformity.
Another recent work carried by Rahhal et al. (2014) focused on the utilization
of ceramic waste as replacement of Portland cement. The experimental program
revealed the use of two ceramic waste types from different sources (CzCW and
ArgCW). CzCW type brought from a red brick factory, while ArgCW is an abandon
and scrap CW that crushed and ground.
Also, two different Portland cements from different countries (Argentine and
Czech Republic) were used; however they met the composition of CEM I.
Techniques as XRD and XRF were used in the determination of the chemical and
mineralogical compositions of the ceramic wastes after 2, 7, and 28 days of age
where CW was incorporated with OPC by 8, 16, 24, 32, and 40 % by weight of
cement as mentioned in the study.
Investigation findings verified that both types of ceramic wastes worked in a
similar way with both types of cements. At 28 days of age, both mixtures showed a
very good pozzolanic activity. Furthermore, the inclusion of ceramic waste from 8 to
40 % by mass to mixtures did not create any major change in the mechanisms and
kinetics of Portland cement hydration especially at early ages and continuo with the
same behavior thru late ages.
Previous mentioned investigations were summarized in Table 2-5 were the
(replacement ratio, main conclusions … etc) were tabulated down.
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Table 2-5: Summary of Previous Studies Using Ceramic Waste as Cement
Replacement

STUDY

REP.
RAITO

CURING
ENV.

MICROSTRU.
CHARAC.
TESTS

MAIN CONCLUSIONS
SEM

XRD

XRF
-Mineralogical configuration of
fired red bodies contained a
combination of various fired
argillaceous minerals
(predominantly amorphous
kaolinite and illite).

R(1) = 0%
R(2) = 20%
Lavat et al
(2009)

R(3) = 25%
N.A.
R(4) = 30%

-Compressive
Strength

Yes

Yes

Yes

R(5) = 35%
R(6) = 40%

-The use of FTIR spectroscopy
helped in determining partially
crystalline structures for red
ceramic products. The drop of
crystallinity might be due to the
pozzolanic action of fired clays,
while, the activation was due to the
amorphous nature of the ceramic
waste.
-Incidence of feldspars and quartz
did not affect the pozzolanic
activity of powdered tiles.
-CWP might be used as a partial
replacement of OPC in concrete as
SCM. The open porosity increased
with the increase of the CWP
content in mixtures; as well as the
bulk density increased to some
extent.

-Physical Prop.
-Compressive
Strength
R(1) = 0%
R(2) = 10%
Vejmelková
et al. (2012)

R(3) = 20%
R(4) = 40%
R(5) = 60%

Water
Tank
T 22±1⁰C
r.h

-Fracture
-Freeze/Thaw
De-icing Salts

No

Yes

No

-Chemical
Resistance

-Above 20% CWP by cement mass
showed a very quick reduction in
the compressive strength after 7 and
28 days of age, however, fracturemechanics properties dropped
slowly when the replacement level
was 40% CWP.

25-30 %
-The liquid water transport
parameter of concrete mixture was
satisfactory at the replacement level
of 20%. Increasing the amount of
CWP exchanged by OPC, decreased
the thermal conductivity properties.
Frost resistance showed excellent
results.

-Water
Absor/Transport
& Sorption
-Thermal Prop.

R(1) = 0 %
R(2) = 10%
Raval et al.
(2013a)

R(3) = 20%
N.A.
R(4) = 30%
R(5) = 40%
R(6) = 50%

-Compressive
Strength

No

No

No

-Replacing cement with CWP up to
30% increased the compressive
strength in 20 MPa mixtures after
28 days of age and any further
replacement reduced it.
-Cost of M 20 mixtures decreased
by 12.67% therefore, it turned to
economical concrete.
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Table 2-5 (cont’d)

STUDY

REP.
RAITO

CURING
ENV.

MICROSTRU.
CHARAC.
TESTS

MAIN CONCLUSIONS
SEM

XRD

XRF
-Compressive strength of M 25
mixtures showed an increase as the
replacement level of cement by CWP
reached 30% by weight (27.63
N/mm2) after 28 days of age.

R(1) = 0 %
R(2) = 10%
Raval et al.
(2013b)

R(3) = 20%
N.A.
R(4) = 30%

-Compressive
Strength

No

No

No

R(5) = 40%

-Cost of concrete decreased by
13.27% by the use of 30% CWP.

R(6) = 50%

-Concrete replaced cement by 40%
CWP increased the compressive
strength of M 30 grade mixtures as
31.83 N/mm2.

R(1) = 0 %
R(2) = 10%
Raval et al.
(2013c)

-As the replacement level increased
above 30%, compressive strength
values decreased.

R(3) = 20%
N.A.
R(4) = 30%

-Compressive
Strength

No

No

No

-Any addition or extra cement
replacement decreased the strength.
-Cost of concrete with 40% CWP
decreased by 18.62% in M 30 grade
mixtures and as a result concrete
became more economical

R(5) = 40%
R(6) = 50%

-Slump values of CWP concrete were
between 75 to 100 mm.
-Slump

R(1) = 0 %
Fatima et
al. (2013)

R(2) =10%
R(3) =20%

Water
tank

-Compressive
Strength

T 27±2 C

-Split Tensile

R(4) =30%

-An increase in compressive strength
results by 3.9% at the 20% CWP and
0.46 w/c ratio was observed.
No

No

No

-Flexural

-Split and flexural strengths were
slightly decreased at all w/c ratio with
(2 to 3)% relative to the control
concrete.
-CWP material might be used in road
construction in the (PQC and DLC).

R(1) =0%
-Bulk Density
R(2) =5%

-Cement pastes and grouts included
CWP showed a good consistency.

-Soundness
R(3) =10%
Sadek et al.
(2014)

-Initial/Final
set

R(4) =15%
N.A.
R(5) =20%

Yes
-Compressive
Strength

R(6) =25%
-Flexure
R(7) =30%
-Water Absorp.
R(8) =35%

Yes

Yes

-As substation level of CWP by
cement increased, water absorption
increased too while bulk density
dropped.
-After 28 days, as CWP % increase in
of mortars by (0, 20, 35) %, SO3, Cl
and LOI dropped.

30

Table 2-5 (cont’d)

REP.
RAITO

STUDY

CURING
ENV.

MICROSTRU.
CHARAC.
TESTS

MAIN CONCLUSIONS
SEM

XRD

XRF
-Both types of CW worked in a similar
way with both types of cements where
at 28 days they showed a very good
pozzolanic activity.

R(1) =8%
R(2) =16%
Rahhal et
al. (2014)

R(3) =24%

N.A.

Microstructure

No

Yes

R(4) =32%
R(5) =40%

r

Yes

-The inclusion of CW from (8 to
40) % by mass to mixtures did not
produce any weighty change on the
mechanisms and kinetics of Portland
cement hydration especially at early
age and continuo to late ages.

Rx = Replacement Level of Ceramic Waste by Mass

2.4 Several Concrete Ingredients Replacement
Some investigations studied the feasibility of using ceramic waste as
replacement for more than one concrete component such as (coarse aggregate, fine
aggregate and cement) in concrete making.
Pacheco-Torgal and Jalali (2010) examined the possibility of reusing ceramic
waste in concrete. The research included two experimental phases, the partial
replacement of cement by CWP where the size of the particles was < 75 μm plus the
use of natural fine and coarse aggregates, Phase A. In Phase B, the replacement of
ceramic coarse and fine aggregates by the usual granite aggregates besides OPC as a
binder. Several tests were conducted on mixtures with and without ceramic waste
materials such as particle size distribution, density, compressive strength, vacuum
and capillary water absorption, oxygen permeability, and chloride diffusion tests. In
phase A, four concrete mixtures including 20% CWP by cement were prepared and
denoted after the source of ceramic waste as follows; ceramic bricks (CB), white
stoneware twice-fired (WSTF), sanitary ware (SW) and white stoneware twice-fired
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(WSOF). In Phase B, natural aggregate has been replaced by an equivalent volume of
crushed ceramic aggregate for each mixture where other ingredients remained the
same. Concrete mixtures that included ceramic sand replaced by natural sand
denoted (MCS). Also, mixtures that substituted natural coarse aggregate with
ceramic aggregates known as (MCCA).
Outcomes demonstrated that concrete mixtures with 20% cement replacement
had a slight strength loss while, durability performance increased as a result of its
pozzolanic characteristics. Furthermore, concrete mixtures that included ceramic
sand aggregates behaved much better where it did not denote any loss in compressive
strength also showed great durability behavior. The same observation seen in the
MCCA concrete mixtures however the results in the water absorption and
permeability tests were underachieved which means that the substitution of natural
sand aggregate by ceramic sand is a better choice.
Torkittikul and Chaipanich (2010) checked the utilization of ceramic waste as
fine aggregate within Portland cement and fly ash (FA) concrete. In the initial
preparation stages of materials used in the investigation, ceramic waste aggregates
(CWA) that obtained from a local ceramic industry were crushed then sieved.
Crushed natural coarse aggregate with maximum size of 19 mm, Ordinary Portland
cement and fly ash with the existence of potable water engaged in the study. The
study was checking the feasibility of using CWA and FA as replacements of natural
sand and OPC, respectively. Two groups of concrete mixtures were prepared. First
set included the use of OPC and CWA that replaced natural sand by weight with 0,
10, 20, 30, 40, 50 and 100 %. Second set of mixtures substituted FA by OPC with
30% by weight, and natural sand was replaced by CWA with 0, 50 and 100 % by
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weight. Water to cement ratio (w/c) was common for all mixtures as 0.50. Several
techniques were used to study the microstructure and chemical characteristics (i.e.
XRD, optical microscope (OM) and scanning electron microscopy (SEM)).
Compressive strength test was conducted after 7 and 28 days of age.
Research findings declared the possibility of using CWA as replacement of
sand aggregate in the concrete and mortar production. The lower specific gravity of
CWA compared to the natural sand generated mortars and concretes with low density
values if compared to the reference concrete mixtures. CWA rougher surface created
higher values of compressive strengths for both mortars and concretes compared to
the control mixtures. Concrete mixtures that did not include fly ash (FA) achieved
higher compressive strength values when CWA was up to 50% by weight, then a
slight drop in the strength observed as the CWA percentage increased up to 100 %.
This could be explained by the fact that CWA particles were angular which made it
hard to compact thus a reduction in the workability of concrete was noticed and then
in the compressive strength. In contrary, specimens with FA showed the highest
compressive strength values especially when using CWA by 100%.
A research study by Bignozzi and Saccani (2012) investigated the ceramic
waste as aggregate and supplementary cementing material (SCM) as a combined
action to contrast alkali silica reaction (ASR). The objective of the study was to
estimate the influence of polishing residue (PR) based binder as an alkali silica
reaction (ASR) inhibitor after the use of reused glass that rich of Pb or B ions as 25
% by weight substitution of conventional sand thus exploiting different CW largely
produced. The performance of PR based binder as a (SCM) was compared to that of
OPC (CEM I) in addition to pozzolanic cement (CEM IV/A). For each type of
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cement, mortar specimens where prepared by using natural sand besides lead–silicate
or boron–silicate glass as fine aggregate replacement. The examined mixture designs
prepared as; grout mixtures comprising of 100 % wt. of silica sand or 75% wt. of
silica sand plus 25% wt. of glass that alternatively created with 100% wt. (CEM I
and CEM IV/A) ,also 25% PR + 75% CEM I. Mortars that consisted of binder, sand
and water with a weight ratio of 1:3:0.5 were tested for mechanical strength
properties after 28 days.
Examination findings showed that PR was efficient in decreasing and
defeating ASR from being produced supported by the use of glass aggregate. Grout
specimens where PR based binder and boron or amber-boron silicate glass used
displayed a satisfactory dimensional stability, enhanced mechanical properties also
condensed microstructure that guarantee the durability aspects. PR based binder
considered being an effective substitution to the marketable pozzolanic cement as it
is capable to sustain a safe use of cullet provided from countless suppliers such as
(separated assemblages, fluorescent lamps.. etc.). Finally, the use of PR as a SCM in
order to destroy the deleterious reaction as ASR will help in reducing the severe and
risky damages to the constructions.
Higashiyama et al. (2012) studied the compressive strength and resistance to
chloride penetration of mortars using ceramic waste as fine aggregate. The impact
and mechanical characteristics of ceramic electrical insulators waste offered by an
electrical power manufacturing industry in mortars and concretes was studied and
reported. The test started by crushing, grinding then sieving ceramic electrical
insulators where particles size between 5.0 to 0.075 mm considered as fine aggregate
and that with lower size < 0.075 mm utilized as partial replacement of cement or as
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an admixture. Ordinary Portland cement with water to cement ratio (w/c) of 0.5 by
weight was used in the study. Two sets of experiments prepared where concretes and
mortars revealed the use of a limited replacement of cement by ceramic powder as
10, 20 and 30 % CWP by cement weight. Samples were tested for compressive
strengths after 7, 28 and 91 days and chloride ion penetration test for 3 and 6 months.
In conclusion, it was noticed from the results that there were no risky or
destructive effect with respect to the compressive strength of grouts prepared by
ceramic waste aggregate. In contrast, mortar samples produced using ceramic
aggregate and powder except for a replacement ratio of 30% wt., at initial times
achieved compressive strength values higher relative to that of mortars prepared by
river sand at each age. Regarding pore volume distribution, river sand mortars
showed higher pore volume distribution rather than that in mortars formulated using
ceramic waste aggregate and powder. Ceramic waste aggregate and powder used in
mortars considerably restricts chloride ion diffusion. The depths of chloride ion
perception in grouts with ceramic waste aggregate and powder were around half and
one third of that prepared using river sand at the end of 3 and 6 months of soaking,
respectively. As a result, it was verified that mixtures made of ceramic waste
aggregate and powder lead to enhanced durability properties.
A study was conducted by TABAK et al. (2012) based on the effect of
ceramic tile waste as a waste management solution for concrete. In this research,
concrete mixtures created by floor tile waste coarse and fine aggregates were set in
order to predict their mechanical and physical characteristics. The aim of the study
was to generate C30/37 concrete quality by the use of two different floor tiles such as
fired wastes generated by (structural ceramic factory or stone ware ceramic
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industry).where a comparison between a reference concrete mixture containing only
regular crushed stone aggregate and the properties of these recycled concretes with
ceramic waste as an coarse aggregate (FTWA) and stone dust (FTWA+FTWD).
Scanning electron microscopic (SEM) and energy dispersive spectroscopy (EDS)
techniques were used to display the microstructure of these concretes after 28-days.
Samples were tested for compressive strength and flexural strength after 2, 7 and 28
days of age. It was concluded from the research findings that higher water absorption
value, compressive and flexure strengths were observed at the FTWA concrete
mixture with 1.394%, (38.16 and 3.13) MPa after 28 days of age relative to the other
two concrete mixtures, respectively.
Halicka et al. (2013) conducted an experimental program in order to
investigate the use of ceramic sanitary ware waste as coarse and fine concrete
aggregate. The study provided that, the collection of aggregate consisted of fine and
coarse constituents were prepared from crushing ceramic waste deposited on a dump
of a polish factory producing ceramic sanitary ware. The microstructure of the
obtained ceramic waste aggregate was inspected using SEM and EDS detector that
helped in examined the elemental analysis. Workability, compressive and tensile
strengths of concrete mixtures was studied in addition to the abrasion resistance test.
Investigation conclusions revealed that CWA are feasible to be used in concrete
making where both strength and absorption values were high. These kind of recycled
aggregate permits to create workable concretes with high strength and abrasion
resistance parameters.
Research outcomes verified that compressive strength of concretes with
CWA declined instantaneously after the process of heating by 46% compared to
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strengths of unheated concretes, while the tensile strength reduced by 54%. It can be
observed that strength reduction was like any other kinds of concrete, but high
preliminary strength in concretes with CWA made strength of these concretes still at
high levels even after.
Katzer (2013) developed a study about the strength performance comparison
of mortars made with waste fine aggregate and ceramic fume. Ceramic fume that
produced during manufacturing of coarse “post demolition” aggregate was treated as
binder replacement while waste post-glacial sand was used as fine aggregate
replacement. In this investigation, ceramic fume replaced cement partially by 10 to
50 % by volume. Each mortar was tested after varying w/c ratio as 0.50, 0.55 and
0.60. The experiment was split into two phases; where the first one concentrated on
defining the workability of fresh cements and density of hardened mortars; the
second phase was about determining the compressive and flexural strengths of each
mixture.
To summarize, the study demonstrated that the accomplished outcomes of
mechanical properties showed that mortars composed of waste fine aggregates and
adapted by ceramic fume as partial substitution by cement in concrete showed lower
mechanical characteristics compared to the control mortar. The study also displayed
that, mortars with water to cement ratio (w/c) 0.60 are the most appropriate mixtures
for less demanding mechanical properties applications.
A summary of previous papers that exchanged more than one concrete
ingredient by different ceramic waste types are exhibited in Table 2-6.
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Table 2-6: Summary of Previous Studies Using Ceramic Waste as Several Concrete
Ingredient Replacements

STUDY

CW
TYPE

REP.
RAITO

CURING
ENV.

MICROSTRUCRE
CHARAC.
TESTS

MAIN CONCLUSIONS
SEM

-Course
Agg.
-Fine Agg.

R(1) ≈ 85%

XRD

XRF

-Concrete mixtures with 20%
CWP by cement showed slight
strength loss while, durability
performance increased as a
result of its pozzolanic
characteristics.

-Compressive
Strength

R(2) ≈ 85%

-Vacuum &
Capillary
water Absorp.

PachecoTorgal and
Jalali
(2010)

Water tank
-Oxygen
T 18±1 ⁰C Permeability.

No

Yes

No

-Water
Permeability
-C. Powder

-The same observation was
seen in MCCA concrete
mixtures however the results in
the water absorption and
permeability tests were
underachieved.

R(1) = 20%
-Chloride
Diffusion

R(1)= 0%

-Lower specific gravity of
CWA compared to natural sand
generated mortars, concretes
with low density values
compared to control mixtures.

R(2) = 10%
R(3) = 20%
-Fine Agg. R(4) = 30%

-CWA rougher surface created
higher values of compressive
strengths for mortars, concretes
compared to control mixtures.

R(5) = 40%
R(6) = 50%
Torkittikul
and
Chaipanch
(2010)

Chamber

R(7) = 100%
T23±1.7⁰C
PH 12.0

R(1)= 0%
-Fine Agg.
R(2) = 50%
+30% FA
R(3) = 100%

-Concrete mixtures included
MCA behaved much better
where it did not denote any loss
in compressive strength also
showed great durability
behavior.

-Workability
-Bulk Density
-Compressive
Strength

Yes

Yes

No

-Concrete mixtures that did not
include fly ash (FA) achieved
higher compressive strength
values when CWA was up to
50% by weight.
-Then a slight drop in the
strength observed as the CWA
percentage increased up to
100 %.
-Specimens with FA showed
the highest compressive
strength values especially at
100% CWA.
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Table 2-6 (cont’d)

STUDY

CW
TYPE

REP.
RAITO

CURING
ENV.

MICROSTRUCRE
CHARAC.
TESTS

MAIN CONCLUSIONS
SEM

XRD

XRF

-PR was efficient in decreasing
ASR supported by glass
Aggregate.

-Workability

-Fine Agg
R(1)= 25%

-Compressive
Strength

As glass.
Chamber

Bignozzi
and
Saccani
(2012)

T 25 ⁰C

Yes

Yes

No

r.h.≥90 %
-Polishing
R(1)= 25%
Residue

-Using PR as SCM for ASR
destruction restrain such
deleterious reaction from
causing severe damages to the
construction.

-Pore Size
Distribution

-No harsh effect regarding the
compressive strength of CWA
grouts.

R(1)= 0%
R(2)= 10%

-In contrast, samples with CWA
and CWP except for ratio 30%
wt. at initial times achieved
higher compressive strength
values at each age.

-Fine Agg.
R(3) = 20%
R(4) = 30%

-Compressive
Strength
Water
Tank

Higashiya
ma et al.
(2012)

-Pore Size
Distribution

No

No

T 20±2 ⁰C
-Chloride ion
Penetration

R(1)= 0%
-C.Powder
as Cement

-Higher pore volume
Yes distribution in RS mortars
rather than that in mortars with
CWA and powder.
-CWA and powder used in
mortars extensively restricts
chloride ion diffusion were
depths in grouts with CWA and
powder were half and one third
of that prepared using RS after
3 and 6 months of soaking,
respectively.

R(2)= 10%
R(3) = 20%
R(4) = 30%

-Course
Agg.
TABAK et
al. (2012)

N.A.

-Fine Agg.

-Mixes with PR and boron or
amber-boron silicate glass
displayed good dimensional
stability, enhanced mechanical
properties also satisfactory
durability aspects.

Water
Tank

-Compressive
strength

T 20±3 ⁰C

-Flexure

Yes

No

No

-Higher water absorption value,
compressive and flexure
strengths were observed at the
FTWA concrete mixture with
1.394 %, (38.16 and 3.13) MPa
after 28 days of curing relative
to the other two concrete
mixtures, respectively.
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Table 2-6 (cont’d)

CW
TYPE

STUDY

REP.
RAITO

CURING
ENV.

TESTS

MICROSTRUCRE
CHARAC.
MAIN CONCLUSIONS
SEM

XRF
-CWA is feasible to be used in
concrete making where strength
and absorption values were
high.

-Workability

-Coarse
Agg.
R (1)= N.A.

Halicka et
al. (2013)

XRD

R(2)= >70%

Furnace
Chamber

-Compressive
Strength

T 1000 ⁰C

-Tensile

Yes

No

No

-Abrasion
-Fine Agg

Ceramic
fume
Katzer
(2013)

-Compressive strength of
concrete with CWA declined
instantaneously after the
process of heating by 46%
compared to strength of
unheated concrete, while tensile
strength reduced by 54%.

R(1) =0%
-Density

R(2) =10%
R(3) =20%

Water tank -Compressive

R(4) =30%

T +21 ⁰C

No
-Fine Agg R =40%
(5)

Strength
-Flexure

No

No

-Mechanical properties showed
that mortars composed of waste
fine aggregates and adapted by
ceramic fume as partial
substitution of cement in
concrete showed lower
mechanical characteristics
compared to control mortar.

R(6) =50%

r

Rx = Replacement Level of Ceramic Waste by Volume and/or Mass

2.5 Research Significance
Since concrete considered the most commonly used construction material in
the world, the usage of supplementary cementing materials (SCMs) for instance fly
ash, slag and silica fume in concrete mixtures may have a major effect on the
environment. Structures that own a portion of their basic materials from recycled byproducts that are landfilled decrease the need for non-renewable and raw materials in
new construction. The use of SCMs also reduces the energy and CO2 impacts of
concrete.
The use of one or more supplementary cementitious materials (SCMs) in
concrete mixtures helps in developing workability, strength, durability, service life,
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and other performance features. Using for instance recycled CW products as SCM
has become a competitive engineering solution for obtaining green concrete with
higher performance. But still, the existing knowledgebase on the CWP material
nature and efficiency in concrete mixtures is scarce, as opposed to that of CW
aggregates that replace natural gravel/stone and/or fine materials as sand. There is
also a lack of standards and guidelines on the best recycling techniques of such
material in addition to the proper way of testing CWP material. The problem
becomes more complex when the CWP material is incorporated with other uncertain
behavioral materials such as admixtures.
The current research work provides experimental evidences on the
performance of CWP material in concrete mixtures as it partially replaced Portland
cement by mass. Research outcomes would assist practitioners and researchers in
generating a satisfactory image about the short and long term behavior and
performance of the CWP material in concrete mixtures.
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Chapter 3: Experimental Program
3.1 Introduction
The objective of the study is to evaluate the fresh and hardened properties of
the 25, 50 and 75 MPa concrete mixtures, besides durability characteristics of
concrete mixtures with ceramic waste powder (CWP) material that partially replaced
cement with up to 40 % by mass.
3.2 Test Program
The research testing program consisted of conducting two experimental
phases, followed by analytical study of the experimental outcomes. Phase one
included various tests on the as received CWP material that was used later in the
study so as to find out its properties and characteristics such as specific surface area,
particle size distribution, moisture content in addition to the particle’s shape and the
main oxides that correlated to its chemical composition. Techniques like X-ray
diffraction (XRD) and X-ray fluorescence (XRF) were used to determine the
morphology and chemical composition of the CWP material. Furthermore, scanning
electron microscope (SEM) micrographs were used to determine the morphology of
the CWP material.
On the other hand, Phase two focused on the utilization of CWP to replace
cement partially by several mass replacement ratios as 0, 10, 20, 30 and 40 % as
supplementary cementing material (SCM) in concrete mixtures with several strength
grades 25, 50 and 75 MPa. The influence of CWP on concrete mixtures was
investigated through performing several tests in order to determine the concrete fresh
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and hardened properties. Fresh concrete properties such as slump, slump loss, setting
time and plastic shrinkage were determined. Hardened concrete properties such as
compressive strength development with age, drying shrinkage and ultrasonic pulse
velocity (UPV) were measured. Durability characteristics were assessed through
rapid chloride permeability test (RCPT), bulk electrical resistivity, sorptivity, and
permeable pore tests. The investigation structure is displayed in the below diagram,
Figure 3-1.
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1. Study topic term and status
2. Investigation core questions and guiding
objectives
3. Generating knowledge and literature
review

4. CWP characterization

5. Fresh concrete
tests

- Moisture content
- Particle size distribution
- Specific surface area
- Particale's shape
- Chemical composition
- Morphology

- Slump and slump loss
- Setting time
- Plastic shrinkage

Investigation structure
6. Hardened concrete
tests

7. Durability tests

8. Results/discussion

9. PI evaluation

- Compressive strength
- Drying shrinkage
- UPV

- RCPT
- Bulk electrical resistivity
- Sorptivity
- Permeable Pores

10. Conclusions and Recomendations

Figure 3-1: Investigation Structure
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3.3 Materials Properties
In the present study, mainly three materials were used in the production of
concrete mixtures identified as; aggregate, cement and CWP with the incorporation
of tap potable water and admixture when needed.
3.3.1 Aggregates
The role of aggregates in the concrete mixtures was to decrease shrinkage and
generate workable concrete mixtures. Coarse aggregates used in this investigation
were natural crushed stone obtained from Ras Al Khaima with nominal sizes of 10
and 19 mm. The specific gravity was 2.65 while the absorption was about 1%. Two
Fine aggregate types were used in the study; crushed natural sand brought from Ras
Al Khaima, UAE, with a specific gravity of 2.63 and fineness modulus of 3.5, in
addition to dune sand from Al Ain area, UAE, with a specific gravity of 2.63 and
fineness modulus of 0.9. Table 3-1 shows the sieve analysis that was conducted on
all of the used aggregates.
Table 3-1: Grading of Aggregates

Sieve Size (mm)
37.5
19.0
9.5
4.75
2.36
1.18
0.600
0.300
0.150

Cumulative Passing %
Coarse Aggregate
Fine Aggregate
4.75-10 mm
4.75-20 mm
Crushed Sand Dune Sand
100
100
----100
95.1
----96
24.7
----8.6
4.7
95.9
100
----68.4
100
----41.4
100
----24.6
99.7
----15.9
99.1
----11.7
13.1
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3.3.2 Cement
Concrete mixtures were prepared using ordinary Portland cement (OPC) as
the main binder. The OPC conforms to the ASTM C150 Type I and BS-EN197
CEM-I. The specific surface area of cement was 388 m2/kg. CWP material was used
as a SCM where the cement was replaced partially by 0, 10, 20, 30 and 40 % by mass
with CWP
3.3.3 Ceramic Powder
In the light of recycling, this investigation examined the potential use of CWP
that partially replaced cement material and its special effects particularly with
regards to the concrete making, strength and mechanical properties in addition to
durability characteristics.
The CWP used in this investigation was produced during the polishing
process of final ceramic tiles in “Exeed Industries Company” located in Abu Dhabi,
United Arab Emirates. The original raw materials used in the production of ceramic
tiles were: feldspar, ball clay, China clay in addition to silica sand. Kaolin is the
essential ingredient of most of the raw ingredients. Materials were then fired at a
temperature of 1200 ˚C to produce the ceramic tiles which were polished at the final
stage leading to the production of CWP.
The as received ceramic waste material was a wet powder as delivered from
the factory. The as received CWP material was dried for 24 hours in an oven at 110
˚C where the average moisture content was about 36 % by mass. After the drying
procedure, many CWP particles coagulated together and formed larger particles,
which might be divided up manually by hand into powder particles. Figure 3-2
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shows the dried as-received CWP after being sieved on different sieves. It was noted
that the quantity passing the 300 µm sieve is very limited. Therefore, it was decided
to grind the dried as-received CWP.

Figure 3-2: The As-Received CWP Particles after Drying
The dried CWP material was ground using a grinder in the concrete
laboratory to an average Blaine specific surface area (SSA) of 555 m2/kg as seen in
Figure 3-3. After grinding, more than 50 % by volume of the CWP particles had size
ranging between 5-10 µm. Finally, the dried and ground CWP were well-preserved
in air tight containers to prevent any source of moisture until being used.

Figure 3-3: CWP Grinder
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3.3.4 Admixture
Concrete admixtures are utilized to enhance the behavior of fresh concrete. In
this investigation, a polycarboxylic ether superplasticizer conforming to ASTM C494
Type G and ASTM C1017 Type II was used to produce concrete mixtures with grade
75 MPa.
3.4 Concrete Mixtures Proportions
To cover several applications three concrete grades were used in this study
mainly 25 MPa, 50 MPa and 75 MPa. Tap potable water was utilized to produce
concrete mixtures with CWP with different dosages as well as in conventional
concrete mixtures. The mixtures’ proportions were designed according to the BS
8328. Several trial mixes were conducted to adjust the mixtures’ proportions with
respect to mixture yield, strength and needed slump. Table 3-2 gives the final used
concrete proportions of the control mixtures. For each strength grade 25, 50 and 75
MPa, cement was partially replaced by CWP. Four weight replacement levels were
studied 10, 20, 30 and 40%. For the 25, 50 and 75 MPa concrete mixtures and upon
using CWP, the weight of the aggregate was adjusted to preserve the volume of the
mixture unchanged.
Table 3-2: Concrete Proportions of Control Mixtures by Weight (kg/m3)
Fine Aggregate

Mix
I.D.

Cement

M 25

Coarse Aggregate
4.75-10 4.75-20
mm
mm
--1102

Water
Content

w/c

Slump
(mm)

190

0.61

90±20

Sand

Dune

310

448

301

M 50

485

404

271

---

993

208

0.43

50±10

M 75

525

399

268

1022

---

177

0.34

80±20
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3.5 Concrete Test Methods
3.5.1 Strength Activity Index
A lot of standards and studies give prominence to strength as the initial means
for evaluating the pozzolanic activity of any SCM. The ASTM C311 which
emphasizes on the sampling and testing of fly ash or natural pozzolans for use in
Portland cement concrete was followed in order to determine the CWP strength
development level compared to control mixture. To study the compressive strength
activity index; a control and two groups of mortars with different cement
replacement material; CWP or natural sand with replacement levels from 0 to 40%
by mass of cement were set with the incorporation of 254mL water. The mortars
compositions are summarized in Table 3-3.
Mortars were prepared and mixed manually by firstly blending OPC with
CWP or natural sand for about 1 minute and then followed by the inclusion of water
and further mixing for 3 more minutes. Each mortar mixture was cast in six cubic
molds with dimension 50 mm for strength test. All specimens were de-molded after
24 hours and then cured in a water bath for 28 days. All specimens were tested at 28
days of age. A hydraulic testing machine with 2000 kN capacity was used to test
specimens under compression.
Table 3-3: Strength Activity Index Mortar Compositions Using CWP and Sand
Cement Replacement
Material

CWP

---

Mix I.D.

Replacement
Level (%)

Cement (g)

Sand (g)

CWP (g)

C
CWP-10
CWP-20
CWP-30
CWP-40

0
10
20
30
40

525
472.5
420
367.5
315

1444
1444
1444
1444
1444

-52.5
105
157.5
210
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Cement Replacement
Material

Mix I.D.

Replacement
Level (%)

Cement (g)

Sand (g)

CWP (g)

Sand

Table 3-3 (cont’d)

S-10
S-20
S-30
S-40

10
20
30
40

472.5
420
367.5
315

1496.5
1549
1601.5
1654

---------

3.5.2 Fresh Concrete Tests
It might be pointed out that, the initial 24 hours are very critical for the
execution and behavior of the concrete structure. It regulates the long-term
performance and influences the strength and durability properties. In this
investigation, several fresh concrete aspects were studied such as slump / slump loss,
setting time and plastic shrinkage.
3.5.2.1 Slump and Slump Loss Tests
The concrete workability was evaluated through conducting the slump test as
per ASTM C143. The workability retention of the concrete mixtures was assessed by
measuring slump with time, i.e. slump loss. Slump loss was evaluated by conducting
slump test as displayed in Figure 3-4 at fixed time intervals after the initial contact
between cement and water. Slump loss test was performed to identify the workability
retention by measuring the slump value at different elapsed time intervals of 15
minutes.
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Figure 3-4: Slump Test
The mixtures were re-mixed for 30 seconds before each slump measurement.
After that, the concrete mixture covered by a plastic sheet and left in the mixer for
about 15 minutes before the following slump measurement. This procedure was
repeated until mixtures reached zero slump value.
3.5.2.2 Setting Time Test
Time of set is characterized as the time at which the penetration resistance of
standard needles into the concrete as per the ASTM C403 that categorizes initial time
of set at a penetration resistance of 500 psi (3.5 MPa) and final time of set at a
penetration resistance of 4000 psi.(27.56 MPa). The significance of the initial and
final set times are through their indication of when the concrete might be accurately
placed, consolidated and finished.
A penetrometer which includes a varying size needles was used to measure
the penetration resistance as shown in Figure 3-5. A laboratory prepared mortar
sample was used. The penetration measurements must be recorded within 3 to 4
hours after the preliminary contact between the cement and water. After that, the
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penetration test must be carried on 30 minute intervals by reducing the needle
bearing area as necessary, till the final set of 4,000 psi (27.56 MPa) occurs. The
penetration resistance results were plotted versus the elapsed time to obtain the initial
and final setting times.

Figure 3-5: Penetrometer for Measuring Setting Time of Concrete
3.5.2.3 Plastic Shrinkage Test
Plastic shrinkage cracks show up in the surface of fresh concrete immediately
after its placement and while it is still plastic; and they are relatively shallow. Water
loss from the concrete surface by evaporation causes the plastic shrinkage cracks that
appear before the setting of concrete occurs. Plastic shrinkage cracks are obvious and
unpleasant; however rarely damages and affects the strength or even durability of
concrete floors and pavements. Several circumstances that initiate high evaporation
rates from the concrete surface, and thus raise the probability of plastic shrinkage
cracking such as; wind, low relative humidity and high concrete and/or ambient
temperatures.
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On the other hand, elements that decrease the rate or quantity of bleeding
consist of high fines content, high cementious ingredients content, high concrete
temperature, and entrained air. These factors will commonly reduce the quantity of
bleed water that would reach the concrete’s surface and hence increase the plastic
shrinkage. Any issue that postpone setting increases the chance of plastic shrinkage
cracking to occur for instance high water contents, cold weather, lower cement
contents, retarders, some water reducers, and SCM.
The mold used for plastic shrinkage assessment is shown in Figure 3-6. A
rectangular wooden box with dimensions of 100 x 100 x 50 mm was used to cast the
concrete. The temperature and relative humidity were recorded from the beginning of
mixing, after 4 hours and after 8 hours. The cracks formation, coordinates and widths
were tracked until the mixture reached its final setting time. Crack widths measured
by a high quality crack width microscope with magnification of 40x as shown in
Figure 3-6. Cracks pattern, coordinates and widths were recorded in addition to the
ambient temperature and humidity.

Figure 3-6: Plastic Shrinkage Test
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3.5.3 Hardened Concrete Tests
Properties of hardened concrete studied in this investigation were strength,
ultrasonic pulse velocity (UPV) and drying shrinkage.
3.5.3.1 Compressive Strength Test
For each concrete mixture, twelve cube specimens with dimension 100 x 100
x 100 mm were casted. After casting and finishing, cubes were covered with a plastic
sheet to prevent water loss. The specimens were left inside the concrete laboratory
for 24 hours after casting and then de-molded and cured in a moist room until test
ages at 7, 28, 56 and 90 days of curing. Compressive load was applied through a
2000 kN capacity hydraulic testing machine as shown in Figure 3-7. Three
specimens were tested at each age.

Figure 3-7: Compressive Strength Machine
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3.5.3.2 Ultrasonic Pulse Velocity (UPV) Test
Ultrasonic Pulse Velocity (UPV) test was conducted on concrete in order to
indicate the homogeneity of concrete, voids, cracks and other imperfections,
variations in the structure of the concrete that can take place along with time and to
judge the quality of the concrete.
For relatively high velocity, concrete quality is identified as “good” in terms
of consistency, density and homogeneity. Direct measurement of UPV was
conducted on cubes with dimension 150 x 150 x 150 mm. It’s important to note that
there must be no shifting of the transducers during measurement, where this may
produce noise signals in addition to inaccuracies in measurements.
Interpreting the results of the UPV test is based on the quality of the tested
concrete samples in terms of consistency, occurrence or lack of inner cracks, flaws,
segregation and so on using the values given in Table 3-4.
Table 3-4: UPV Interpretation of Results [IS:13311 part 1-1992]
Pulse Velocity (km/second) Concrete Quality (Grading)
Above 4.5

Excellent

3.5 to 4.5

Good

3.0 to 3.5

Medium

Below 3.0

Doubtful
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3.5.3.3 Drying Shrinkage Test
Drying Shrinkage might be defined as the reduction in the length of the tested
sample caused mainly by the loss of moisture. Linear shrinkage involved measuring
the length change of a specimen periodically. Two prism specimens were cast with
dimensions of 80 mm x 80 mm x 300 mm with embedded measuring studs. The
determined linear shrinkage is basically the change in length that occurs after the
hardening of the concrete. The original prism length was measured after 28 days of
curing. The specimens were left in laboratory conditions (i.e. ambient air temperature
ranges 23 – 28˚C) for 120 days.
The change in length (mm/mm) was measured up to 120 days. The average of
3 readings for each tested specimen was recorded using electronic dial gauge. The
test setup is shown in Figure 3-8.

Figure 3-8: Drying Shrinkage Test
3.5.4 Durability Tests
The assessment of the durability characteristics of a concrete mixture or
structure could be determined by their capability to avoid the entrance of aggressive
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species such as chloride ions. Durability is considered being hard to measure, it could
be “great” or “better”, however such interpretation has no significance without a
legitimate definition (Newman and Choo, 2003 ). Several tests were used to evaluate
durability characteristics. In this study, durability is assessed by the RCPT, bulk
electrical resistivity, sorptivity and permeable pores tests.
3.5.4.1 Rapid Chloride Permeability Test (RCPT)
Chloride ingress is the cause of harmful and deleterious impacts to the
concrete structures due to the corrosion of steel reinforcement. The structure’s
service life would be shortened by chloride ingress.
In this investigation and conforming to ASTM C1202 standard test method
for the electrical indication of concrete’s ability to resist chloride ion penetration,
concrete mixtures were cast in cylindrical specimens of 100 mm diameter and 200
mm height. These cylinders were de-molded and treated after 24 hours from casting
and cured in a moist room at ambient temperature and ≥ 90 % relative humidity after
28 and 90 days of curing. Disc specimens with height of 50 mm were cut from the
middle of the cylinders to avoid the heterogeneity. The sides of the disc samples
were coated with an epoxy resin and kept dry. Specimens were vacuum saturated.
The disc specimens were fixed between two chambers where the first one was filled
with a solution of sodium chloride (NaCl) with a percentage of 3 % by mass, while
the second chamber was filled with a 0.3M of sodium hydroxide (NaOH) solution. A
60 V direct current was applied between the two electrodes located at each side of
the chamber to accelerate the chloride ions transfer through the samples. The test was
conducted for six hours; the charge passing through the specimen in (columbs) was
measured with time. Figure 3-9 shows the RCPT test.
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Figure 3-9: RCPT Test
3.5.4.2 Bulk Electrical Conductivity Test
Electrical resistivity assessment techniques are getting prominent among
investigators and practioners for quality control, performance based and durability
evaluation of concrete. Resistivity examination techniques are considered much
simpler, easier and quicker relative to that of the RCPT test. ASTM C1760
established a standard method for estimating and calculating the surface electrical
resistivity of concrete besides determining the bulk electrical resistivity.
Throughout this investigation, Giatec RCON2® equipment was used for
measuring the bulk electrical resistivity of concrete samples. With no special
specimen preparation needed except that the hardened concrete samples must be
saturated in order to deliver a rapid indication of the concrete’s bulk resistivity. An
appropriate electrical contact is used between the plate electrodes and the cube
specimen through the usage of thin saturated sponges as a conductive medium. The,
plate electrodes are connected to the bulk resistivity meter as shown in Figure 3-10.
The average bulk electrical resistivity measurements from three cubes with
dimensions of 100 mm at 28 and 90 days of age were recorded. Giatec RCON2®
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grants for continuous measurement of electrical resistivity values with time for tested
concrete samples.

Figure 3-10: Bulk Electrical Resistivity Test
The correlation and relationship between the resistivity measurements and
specific durability features of concrete such as the corrosion protection had been
investigated formerly. Overall, greater electrical resistivity values of concrete
increases the level of corrosion protection as seen in Table 3-5.
Table 3-5: Concrete Electrical Resistivity and Corrosion Protection Relationship
[ACI-222R-01-2008]
Resistivity (kΩ.cm) Corrosion Protection
< 5.0

Low

5 to 10

Moderate to Low

10 to 20

High

> 20

Very High

3.5.4.3 Sorptivity Test
Sorptivity characterizes the rate of concrete to absorb water. Thus, the depth
of water capillary suction is evaluated and determined in sorptivity examinations. In
this investigation the sorptivity test conforms to the ASTM C1585 that assesses the
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sorptivity of a concrete sample. For each mixture, cylinders with 100 mm diameter
and 200 mm long were used to prepare test specimens to be tested at 28 and 90 days
of curing ages. Test discs with 50 mm thickness were cut from the center of the
cylinders. Test discs were kept in a moist room with an ambient temperature of 23 25˚C and a relative humidity of ≥ 90 % for a maximum of 3 days to permit the
internal relative humidity of the disc specimens to reach equilibrium.
Then, the disc samples were pre conditioned in an oven at 110 ± 5 ⁰C for
about 24 hours before the measurements of capillary sorption carried out. After that,
specimens were removed from the oven to cool down then the disc side was sealed
with vinyl tape. In a plastic container, a cylindrical support was placed in the bottom
and tape water filled the pan to about 5 mm above the support as seen in Figure 3-11.
Electronic balance with accuracy of 0.001 g was used to measure the mass change of
the specimens with time. Mass was measured at intervals of 1, 4, 9, 16, 25, and 30
minutes from the first contact of the samples with water. The calculated capillary
suction depth versus the square root of time is used to estimate the sorptivity index.

Figure 3-11: Sorptivity Test Schematic Representation
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3.5.4.4 Permeable Pores Test
According to ASTM C642 standard the water absorption and volume of
permeable pores in concrete mixtures were measured. The 100 x 50 mm diameter by
height discs cut from cylinders was cured in a moist room for 90 days. The test
specimens were oven dried at temperature of 110 ˚C for about 24 hours. Specimens
after that cooled in a desiccator and the oven dry mass was recorded. After that,
specimen was immersed in water container at ambient temperature of the concrete
laboratory (23 - 25˚C).
After immersion for 48 hours, specimens were surface dried and weighed.
Saturated specimen was immersed in water and allowed for about 5 hours. After
cooling, the mass of specimen under water was measured. Volume of permeable
pores was calculated as follows:
3-1

Where;
A = oven-dried sample mass in air, g
C = surface-dry sample mass in air after immersion and boiling, g
D = suspended specimen mass in water after immersion and boiling, g
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Chapter 4: Experimental Results
4.1 Introduction
The aim of the study is to measure the fresh and hardened properties of the
25, 50 and 75 MPa concrete mixtures, besides durability characteristics of concrete
mixtures after the addition of ceramic waste powder (CWP) material that partially
replaced cement with 0%, 10%, 20%, 30% and 40% by mass.
In this chapter the results of the experimental investigation and the analysis of
the outcomes are exhibited. The objectives were to develop a base of knowledge
about the use and utilization of the CWP material as a SCM in the concrete making.
The outcomes presented in this chapter show the potential use of CWP as SCM in the
concrete production.
4.2 Ceramic Waste Powder Characterization (CWP)
4.2.1 SEM of CWP
SEM micrograph images of the ground CWP material show that it consists of
irregular and angular particles which are similar to cement particles in shape.
Figure 4-1 through Figure 4-4 show the SEM photos of the CWP material at different
magnification powers.
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Figure 4-1: CWP image, X1,000

Figure 4-2: CWP image, X2,000

Figure 4-3: CWP image, X5,000

Figure 4-4: CWP image, X10,000

4.2.2 CWP Particle Size Distribution
Figure 4-5 displayed the particle size distribution of the CWP selected for
concrete mixture preparations. The data were determined by laser particle size
technique in the LAFARGE EMIRATES CEMENT laboratories.
Particle size distribution indicates that around 50% by volume of the CWP
has size between 5-10 µm.

63

Figure 4-5: Particle size distribution of the CWP
4.2.3 Diffractometric results of CWP
The mineralogical configuration of CWP material was examined using X-ray
diffraction analysis.

Figure 4-6: XRD Pattern of CWP
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Figure 4-6 shows the XRD analysis of the used CWP sample. The XRD
revealed that the predominant peaks were obviously noticed between 2θ values of
20⁰ to 30⁰ and resembled a high crystalline degree of the CWP that correlated to the
presence of quartz (SiO2). The observed hump between 2θ values of 20⁰ to 30⁰
indicates the occurrence of an amorphous phase in the CWP material sample as per
the test outcomes. Furthermore, the unleveled graph trend from 2θ values of 0 to 40
might be an indication of the amorphous phase in the CWP sample. The results of
semi-quantitative amounts of minerals showed several other components in the CWP
material. Detected minerals were correlated to the (SiO2) element, therefore, the
percentages with respect to (SiO2) were as follows, Feldspars (22.56%), Calcite
(11.95%), Lutecite (5.56%), Almandine (4.93%), Dolomite (2.92%) and many other
minerals.
“Feldspar” is a designation assigned to assemble of minerals characterized by
the presence of alumina and silica (SiO2). The feldspars group are silicates of
aluminum, comprising of sodium, potassium, iron, calcium, or barium or even a
mixtures of these components for instance; Orthoclase (KAlSi3O8), Albite
(NaAlSi3O8) and Anorthite (CaAl2Si2O8). Generally, Silicates considered the mineral
classification of feldspar. In the ceramics industry, feldspar is the second significant
element after clay.
Calcite considered one of the most widely recognized and well-known
mineral on earth. It belongs to the Calcite cluster of minerals. This group knew as
iso-morphous or polymorphous which means “equivalent chemical formula with
different crystalline structure” especially with minerals as aragonite, vaterite and
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with other several forms. Natural calcium carbonate (CaCO3) is the main
recognizable form of Calcite.
Lutecite mineral lays on the Silicates; Tectosilicates or Feldspathoid Group. It
is formed directly from cooled lava in volcanic rocks. Lutecite is Potassium
Aluminum Silicate feldspar (KAlSi2O6) with unsatisfactory silica to satisfy the
chemical bonds due to the unfilled bonds.
Almandine is a mineral which belongs to the garnet silicates cluster. Its
chemical composition is Fe3Al2(SiO4)3, where Almandine determined as the ferrous
iron end member of the class of garnet minerals. The almandine rock crystal
expression and formula is Fe3Al2(SiO4)3 where Aluminum’s share (Al2O3) is about
20.48%, Iron (FeO) is around 43.30%, Silicon (SiO2) is 36.21% and Oxygen (O) is
38.57%.
Dolomite stands for a common rock-forming mineral. Dolomite is a calcium
magnesium carbonate with a chemical configuration of CaMg(CO3)2.. Generally, the
amount of calcium and magnesium is equivalent; on the other hand sometimes one
component can have a little more presence than the other. Dolomite happens to occur
in a diverse crystal class rather than the Calcite (CaCO3) cluster. Dolomite might be
found in two shapes as mineral and rock. Dolomite rock mainly consisted of
Dolomite with some impurities e.g. Calcite, Quartz, and Feldspar; however the
mineral is the pure form.
CWP raw materials indicated that SiO2 is the most common mineral found in
most of the original constituents. The results and analysis obtained from the XRD
was verified throughout the X-ray fluorescence (XRF) chemical analysis.
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4.2.4 Chemical Composition of CWP
The chemical composition of the CWP material was determined using XRF
technique conducted by three different laboratories. Standard deviation values ranged
between (0.04 and 2.57) percent by mass. Table 4-1 shows the chemical composition
of the CWP by XRF.
Table 4-1: CWP chemical composition by mass %
Main Oxide

Laboratory-1

Laboratory-2

Laboratory-3

S.D.

SiO2

67.51

69.4

68.87

0.97

Al2O3

16.92

18.2

21.88

2.57

Fe2O3

0.75

0.83

0.82

0.04

CaO

1.33

1.24

2.485

0.69

MgO

1.82

3.53

2.185

0.90

Na2O

4.8

3.19

---

1.14

SO3

0.01

0.0397

0.3

0.16

K2O

1.31

1.89

---

0.41

The XRF analysis indicated that CWP mainly consisted of SiO2 and Al2O3
which represented more than 80% by mass. These higher percentages of silicate and
aluminate in the CWP material could indicate some pozzolanic reactivity. On the
other hand, very small mass percentages of several oxides such as Fe2O3, CaO, MgO,
Na2O, K2O and SO3 were observed in the CWP.
Overall, ASTM C618 offers the following definition for natural pozzolans as
“a siliceous or siliceous and aluminous material which in itself possesses little or no
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cementitious value but will, in finely divided form and in the presence of moisture,
chemically reacts with calcium hydroxide at ordinary temperatures to form
compounds possessing cementitious properties”. There are numerous approaches for
the pozzolanic activity and natural pozzolans quality assessments. For instance, the
delivered CWP material included silicate and aluminate mainly where the
considerable portion of silica in the CWP provided the high crystalline level which
led to the very low reactivity characteristics. It must be noted also that silica owns
some amorphous properties which were obvious in the XRD analysis technique.
Furthermore, based on the ASTM C618 and with the incorporation of the
ASTM C311, the chemical and physical requirements and specifications of fly ash
and natural pozzolan as supplementary cementious materials (SCM) as well as the
standard testing scheme were used and applied to the CWP material to distinguish its
ability as pozzolana. In brief from these standards, one of the criteria for pozzolanic
activity is the summation of silicate (SiO2), aluminate (Al2O3) and ferrite (Fe2O3)
chemical components percentages which should be ≥70 %. As found by the X-ray
fluorescence (XRF) analysis, the summation of the SiO2 + Al2O3 + Fe2O3 from the
analysis of the three laboratories was between 85 to 92 % which is greater than the
minimum value of 70%. The second criterion of pozzolana evaluation is the strength
activity index. Since CWP satisfied the ASTM requirements for evaluating and
judging the material as a pozzolana, therefore, it can be incorporated in concrete
mixtures.
4.2.5 Strength Activity Index (SAI)
Characterizing pozzolans whether natural or industrial by-products and their
potentials is one of the challenging issues in the field of cement and concrete. Due to
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the increasing demand for more sustainable cementitious products, the evaluation of
pozzolanic activity of cement replacement materials is becoming of great concern.
Wide range of evaluation methods for judging pozzolanic activity was used to assess
the performance of pozzolans in concrete. These might be classified either direct or
indirect test techniques. A direct test method would be by measuring the Ca(OH)2
concentration besides its consequent decrease with time as the pozzolanic reaction
continues, this could be measured using XRD and thermo-gravimetric analysis
(TGA). Also, the traditional chemical titration tests (i.e. Frattini test and saturated
lime test) are frequently used as direct methods but with different procedures.
Indirect test methods concentrate on sensing the extent of pozzolanic activity by
several tests (i.e. compressive strength, electrical conductivity and heat evolution by
conduction calorimetry). Usually, findings from the indirect pozzolanic activity
assessment are validated by direct tests to verify the pozzolanic reactivity.
In this study, the direct test method was XRD while the indirect test method
used was the strength activity index (SAI). Standards and previous investigations
gave prominence to strength as the initial means for evaluating the pozzolanic
activity. ASTM C311 that emphasizes on the sampling and testing of fly ash or
natural pozzolans for use in Portland cement concrete was followed in order to
determine the CWP acceptable level of strength development with the use of
hydraulic cement in concrete.
CWP was used as partial cement replacement in concrete mixtures. As per the
initial judgment specified by ASTM C618 and C311 standards, the summation of the
SiO2 + Al2O3 + Fe2O3 from the XRD and XRF analyses was between 85% to 92%
which is greater than the minimum value of 70%. Therefore, CWP material was
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considered a pozzolana material and therefore evaluated by the strength activity
index (SAI) test.
To study the compressive strength activity index (SAI); control mortar cubes
were cast by mixing 525g CEM-I, 1444g graded standard sand and 254mL water for
3 minutes (i.e. used quantities were 5% higher than those in ASTM C311). Eight
mortar mixtures were prepared in which cement was partially replaced as follows;
CWP was used in four mixtures replacing cement by 10%, 20%, 30% and 40% by
mass, and sand was used in the remaining four mixtures replacing cement by the
same mass percentages. It must be declared that for the investigation objective,
standard sand as an inert material to replace cement to measure the effect of the
reduction of the cement content was used. Standard sand was utilized due to the
unavailability of quartz powder of similar cement particle size and to simulate the
effect of zero pozzolanic activity. Mortars compositions are summarized in Table 3-3
in chapter 3. The water to binder ratio was kept constant to avoid having differences
in the water content. For each mortar mixture, five 50 mm cubic molds were cast. All
specimens were de-molded after 24 hours and then cured in a water tank (i.e.
temperature 23-25˚C) for 28 days. Specimens were tested at 28 days of age. Strength
activity index (SAI) findings reported in this study are the average of five specimens
and are reported as strength percentage with respect to the control mortar. As stated
by ASTM C618, SAI results greater than 75% after 28 days of age are revealing a
positive pozzolanic activity. Strength activity indices (SAI) shown in Table 4-2 were
calculated as;
4-1

Where;

70

A = average compressive strength of test mortar cubes, MPa
B = average compressive strength of control mixture cubes, MPa
Table 4-2: Strength Activity Index Test Results
Replacement Level

Sand

CWP

Replacement Type
CWP Average Mortar Strength Result, MPa
Standard Deviation Result, MPa
Strength Activity Index (SAI), %
Sand Average Mortar Strength Result, MPa
Standard Deviation Result, MPa
Strength Activity Index (SAI), %

10%

20%

30%

40%

39.9
4.0
91.0
39.5
2.6
90.2

46.0 48.8
3.0
4.4
105.0 110.5
27.7 17.1
2.8
3.9
63.2 39.0

37.5
1.2
85.5
9.8
1.3
22.4

Figure 4-7 shows that all CWP specimens satisfied the ASTM C618
requirement of strength activity index (SAI) greater than 75%. The control mortar
strength was 43.8 MPa with standard deviation of 4.8 MPa at 28 days of age. The
replacement of cement by 10% sand and CWP caused decrease to strength compared
to the control mortar by 10% and 9%, respectively.

Figure 4-7: Strength Activity Index Test Results
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Overall, mortars with 10% CWP and sand displayed similar SAI trend. This
doesn’t mean that 10% CWP has no pozzolanic reactivity but the effect of the high
specific surface area (SSA) of the CWP did not show any significant action.
However, as the replacement level increased, the effect of CWP was noticeable due
to the pozzolanic reaction of the CWP material.
After 28 days of age and as CWP replacement level increased from 20% to
30%, SAI values showed an increase by 5% and 11%, respectively compared to the
control mixture. This SAI trend decreased after the inclusion of 40% CWP by
cement mass, this could be attributed to the dilution effect. Dilution effect is due to
the high silica and alumina from the 40% CWP and the insufficient CH needed for
the pozzolanic reaction. Therefore, most of the silica and alumina components were
left without getting involved in the chemical reaction (Chopra et al. 2015). As sand
was considered the baseline of zero pozzolanic activity, sand mortar specimens
showed a progressive strength reduction as replacement percentage increased.
4.3 Fresh Concrete Properties
4.3.1 Slump and Slump Loss
4.3.1.1 Mixture M 25
The initial slump and slump loss trend lines of all concrete mixtures with time
are presented in Figure 4-8. Slump data for concrete mixtures with different CWP
levels are shown in Table 4-3. Table 4-3 and Figure 4-8 show that as the time
elapsed, slump values decreased.
The initial slump values of the control mix M 25–0% was 110 mm. For
mixtures included CWP by 20%, 30% and 40%, as the cement replacement
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increased, the initial slump value decreased to 33 mm, 95 mm and 55 mm,
respectively. For mixture M 25–10%, initial slump value of 130 mm was recorded.
Table 4-3: Mixtures M 25 Slump and Slump Loss with Time
Mixture
Time
0
15
30
45
60
90
105
120

M 25-0%

M 25-10%

M 25-20%

M 25-30%

M 25-40%

110
--100
0
0
-------

130
100
60
30
25
7
4
0

33
27
15
9
1
0
-----

95
40
25
14
2
0
-----

55
50
43
25
13
0
-----

The initial slump was reduced by the inclusion of the CWP. The reduction
increased as the CWP percentage increased except for the 10% replacement level.
This could be attributed to the high specific surface area (SSA) of CWP compared to
the cement. The SSA of CWP is 1.5 times that of the cement. With the 10%
replacement level, the effect of the high specific surface area (SSA) of the CWP was
not significant.
Generally there was a significant decrease in the slump values with time in all
mixes including the control mix M 25–0% due to the hydration of the cement. For
the control mix M 25–0%, the slump value reached zero after about 45 minutes. As
can be illustrated from the figure, mixtures containing CWP showed reduction in the
slump loss which means that the slump retention time increased. Slump values
achieved zero at around 90 minutes for mixtures with replacement levels 20%, 30%
and 40% representing good slump retention. The mixture with 10% replacement
level showed the best retention time where the zero slump value achieved at around
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120 minutes. This could be attributed to the fact that CWP has no hydraulic reaction
and its possible pozzolanic reaction is slow. Therefore, water that was consumed by
the hydration of cement is now available in the mixture for a longer time thus
extending the mixture slump retention.

Figure 4-8: Mixtures M 25 Slump and Slump Loss with Time

4.3.1.2 Mixture M 50
Table 4-4 and Figure 4-9 displayed the initial slump and slump loss values
besides the M 50 MPa concrete mixtures performance with time. The control mix M
50–0% recorded a slump value of 55 mm, while concrete mixtures including high
replacement percentages of CWP by mass 30% and 40% showed a decline in the
initial slump value with 42 and 10 mm respectively. On the contrary, concrete mix
with replacement level of 20% had the highest slump value followed by the 10%
replacement mix with 105 and 65 mm respectively.
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Table 4-4: Mixtures M 50 Slump and Slump Loss with Time
Mixture
Time
0
15
30
45
60
90
120
150

M 50-0%

M 50-10%

55
28
20
10
0
-------

65
50
30
25
10
0
-----

M 50-20% M 50-30% M 50-40%
105
82
59
26
17
14
2
0

42
42
34
25
17
3
0
---

10
10
9.5
9
0
-------

By increasing the replacement level of CWP up to 40% , the initial slump
value decreased due to the hydration of cement and high specific surface area (SSA)
of CWP except for the replacement levels from 10% to 20%. The used CWP had a
SSA which is 1.5 times that of the replaced cement. As a result, the use of 30% and
40% CWP resulted in reducing the initial slump by 16% and 81% respectively
compared to the control mix. While with 10% CWP, the effect was not significant.
The mixture including 20% CWP showed a different behavior, as the initial slump
increased compared to the control mixture.
Figure 4-9 shows the slump and slump loss with time for the M 50 concrete
mixtures. It is observed that the control mix M 50–0% and the mixture containing the
highest percentage of CWP M 50–40% showed similar retention time and achieved
the zero slump at around 60 minutes. Retention time for mixtures with replacement
levels of 10% and 30% showed a gradual increase in slump retention with respect to
the control mix and reached zero slump after 90 and 120 minutes respectively. The
concrete mixture with replacement level of 20% of CWP by mass achieved the
highest retention time and reached the zero slump at around 150 minutes.
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Figure 4-9: Mixtures M 50 Slump and Slump Loss with Time
By replacing cement with CWP the free water in the mixture increases since
the CWP has no hydraulic reaction. Substitution levels 20% and 30% recorded the
best retention time among all mixes with respect to the control mix. For the mix with
40% CWP, the high SSA of the CWP and the high dosage used affected the free
water available in the mix, thus no improvement in slump retention was observed.
4.3.1.3 Mixture M 75
Table 4-5 gives the initial slump and slump loss values of all 75 MPa
concrete mixtures. Figure 4-10 shows the reduction in slump values with time.
Control mix M 75–0% had an initial slump value of 95 mm which dropped to 23 mm
after 30 minutes. This reduction is 75.8% of the initial slump value.

76

Figure 4-10: Mixtures M 75 Slump and Slump Loss with Time
On the other hand, a fluctuated trend was observed for mixtures including
CWP that showed a high initial slump value for the replacement level of 10% with
185 mm, followed by a sharp decrease at a replacement level of 20% with 70 mm.
After that, the initial slump peaked when the replacement level was about 30% with
205 mm, then continued falling steeply to reach 50 mm at 40% substitution level.
It must be noted that, a constant dosage of Type G admixture, a high range
water reducer and retarder according to the ASTM C494, was used in concretes with
CWP in order to maintain the mixture workability due to the low w/c ratio of the
mixtures. The variation and fluctuation in the initial slump value and slump loss rate
in the M 75 mixtures with CWP could be attributed to the utilization of Type G
admixture.
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Table 4-5: Mixtures M75 Slump and Slump Loss with Time
Mixture
Time
0
15
30
45
60

M 75-0%

M 75-10%

M 75-20%

M 75-30%

M 75-40%

95
44
23
8
0

185
76
22
4
0

70
17
8
6
0

205
28
12
0
---

50
17
7
0
---

Table 4-5 gives more detailed information about the slump and slump loss
values for all of the M 75 MPa concrete mixtures. Control mix M 75–0% achieved
zero slump after 60 minutes which is considered a “good” retention time. Similarly,
mixes with 10% and 20% of CWP accomplished zero slump after about 60 minutes.
The use of up to 20% CWP maintains the workability of mixtures. On the contrary,
concretes with 30% and 40% of CWP recorded a slump retention time of 45 minutes.
Mixtures with higher CWP percentage 30% and 40% recorded fewer retention times
compared to mixtures with 10% and 20% CWP.
It should be noted that Type G admixture have been used in the M 75 MPa
mixtures. However, the efficiency of admixture is affected by the level of inclusion
of CWP. This could explain the variable behavior of the mixtures with different
CWP replacement percentages.
4.3.1.4 Slump/Slump Loss Test Conclusions
As the replacement level of CWP increased form 0% to 40% in the concrete
mixtures of grade 25 and 50 MPa, the initial slump value decreased. This could be
due to the high specific surface area of CWP relative to that of cement which is
approximately 1.5 times that of the cement.
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The existence of CWP in the M 25 and M 50 concrete grades mixtures
extended the retention time. This would be attributed to the little hydraulic reaction
due to the very low calcium oxide (CaO) content and the possible pozzolanic
activity, therefore, the rate of consuming water is lower which resulted in extending
slump retention. Mixtures, M 25–10% and M 50–20% recorded the highest initial
slump values together with the best retention times. On the other hand, concrete
mixtures M 75 MPa revealed a volatile behavior while studying the slump and slump
loss properties after the inclusion of Type G admixture. The effect of using different
CWP replacement levels on the admixture dosage needs further investigations to
understand the behavior of the fresh mixtures including CWP and admixture.
4.3.2 Setting Time
4.3.2.1 Mixture M 25
Table 4-6 and Figure 4-11 present the initial and final setting time of the M
25 concrete mixtures with/without CWP as partial replacement of cement. Each
mixture results were determined after plotting the penetration strength data as a
function of time. The setting time results are shown in Figure 4-12. The initial and
final setting times were determined at penetration resistance values of 3.5 MPa (500
Psi) and 27.56 MPa (4000 psi), respectively.
Table 4-6: M25 Mixtures Initial and Final Setting Times (minutes)
Mixture
Set Time

M 25-0%

M 25-10%

M 25-20%

M 25-30%

M 25-40%

Initial Set

297

282

312

244

277

Final Set

400

415

454

422

456
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The recorded initial and final setting times of the reference concrete were 297
and 400 minutes, respectively. Figure 4-11 demonstrates that the CWP material has
little effect on the initial setting time of concrete mixtures. The initial setting time of
the 20% CWP replacement is higher than the control mixture, while the initial setting
time is lower with the 10, 30 and 40% CWP replacement levels. These variations in
the setting times are minimal and are most likely within the error of testing and
measurement. Furthermore, the effect of the high specific surface area of the CWP
was not significant at these replacement percentages.

Figure 4-11: Mixtures M 25 Initial and Final Setting Time
Overall, the CWP mixtures displayed a moderate increase in the final setting
time as the replacement level increases compared to the reference mixture. This
might be due to the fact that, setting time is dependent on the water available in the
concrete mixture. Slump retention results of mixtures M 25 showed that the inclusion
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of CWP extended the slump retention time which confirms the moderate retardation
in final setting time observed.

Figure 4-12: Mixtures M 25 Setting Time Measurements
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4.3.2.2 Mixture M 50
Table 4-7 and Figure 4-13 illustrate the initial and final setting times of the 50
MPa concrete mixtures including CWP as cement replacement by 0, 10, 20, 30 and
40% by mass. There was no effect on the initial and final setting times with CWP
10% and 20% by mass. Mixture including 30% CWP showed lower setting time
while, mixture with 40% CWP showed slight increase in the final setting time by
12%.
Table 4-7: Mixtures M 50 Initial and Final Setting Time (minutes)
Mixture
Set Time

M 50-0%

M 50-10%

M 50-20%

M 50-30%

M 50-40%

Initial Set

224

200

218

164

229

Final Set

341

337

338

295

383

Figure 4-13: Mixtures M 50 Initial and Final Setting Time
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The setting time is mainly affected by the amount of water in the mixture.
Since CWP has no hydraulic reaction and possible pozzolanic, the rate of consuming
water from the mix was slower with increasing CWP replacement level. Setting time
results are following similar trend observed in the slump retention.

Figure 4-14: Mixtures M 50 Setting Time Measurements
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4.3.2.3 Mixture M 75
Table 4-8 and Figure 4-15 show comparisons of the initial and final setting
times of the high performance (HPC) reference concrete mixture and mixtures
including CWP as partial cement replacement. As per the table, the initial and final
setting times of the CWP mixtures were reduced than the control mix, however, as
the substitution level increases, an improvement in the setting values was observed.
Table 4-8: Mixtures M 75 Initial and Final Setting Time (minutes)
Mixture
Set Time

M 75-0%

M 75-10%

M 75-20%

M 75-30%

M 75-40%

Initial Set

324

160

163

197

224

Final Set

429

257

263

301

412

Figure 4-15: Mixtures M 75 Initial and Final Setting Time
The initial and final setting times of the control mixture were 324 and 429
minutes, respectively. After the incorporation of 10% CWP by mass as SCM, the
initial and final setting times dropped by 51% and 40%, respectively. It should be
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noted that as the replacement level increased from 10% to 40% by mass, the initial
and final setting time increased but still lower than the control mix M 75-0%. This
could be attributed to the fact that the use of Type G admixture in the HPC mixtures
affected the setting time. In addition, the effect of using CWP together with the
admixture on the behavior of the mixtures is not clear and needs further
investigation. It should be noted that, the effect of using different CWP substitution
levels on the admixture dosage necessities further studies to recognize the behavior
of the fresh mixtures including CWP and admixture.

Figure 4-16: Mixtures M 75 Setting Time Measurements
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4.3.2.4 Setting Time Test Conclusions
At the 25 and 50 MPa concrete mixtures, CWP material has little effect on
the initial setting time which considered minimal and within the error of testing and
measurement. While, a slight increase in the final setting time measurements was
observed as the replacement level increases compared to the reference mixtures
expect for the M50-30% CWP that showed lower setting time values. This might be
due to the fact that, setting time is mainly affected by the amount of water in the
mixture. Since CWP has no hydraulic reaction and possible pozzolanic, the rate of
consuming water from the mix was slower with increasing CWP replacement level.
Setting time results are following similar trend observed in the slump retention.
As the CWP substitution level increases in the HPC mixtures, an
improvement in the setting values was observed but still lower than the control mix
M 75-0%. This could be attributed to the fact that the use of Type G admixture in the
HPC mixtures affected the setting time. In addition, the effect of using CWP together
with the admixture on the behavior of the mixtures is not clear and needs further
investigation.
4.3.3 Plastic Shrinkage
4.3.3.1 Mixture M 25
Figure 4-17 (a and b) shows the development of the plastic shrinkage cracks
at the initial and final setting times for the control mix M 25–0%, after 4 and 8 hours
respectively from placing the concrete mix in the formwork. The number of cracks at
the initial set period was about 12 cracks that range between 10 to 40 μm in width.
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On the other hand, more than twice the number of cracks that ranged between 10 to
100 μm in width developed at the final set.

Figure 4-17: M 25-0% Plastic Shrinkage Cracks at (a) Initial Set and (b) Final Set
Concrete mixture that included CWP with 10% by mass replacement level
showed relatively lesser number of cracks at the initial and final setting times, as
seen in Figure 4-18 (a and b). However, the cracks at both periods of time ranged
between 10 to 400 μm in width.
The reduction in cracks number is about 25% at the initial set; while, at the
final the reduction is about 8% compared to the control mix M 25–0%. Several
aspects affect the evaporation rate from concrete surface such as the low relative
humidity and high ambient concrete temperature. For the M 25–10% relative
humidity recorded a drop at the test date compared to the control mixture hence this
might be the reason of the increase in crack width.
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Figure 4-18: M25-10% Plastic Shrinkage Cracks at (a) Initial Set and (b) Final Set
Concrete mixture that substituted 20% of its cement by CWP by weight
showed some development in the number of cracks at both initial and final setting
times as compared to the control mix. The increase in cracks was around 25% and
96% at the initial and final setting times respectively. The crack widths ranged
between 10 to 220 μm as seen in Figure 4-19 (a and b).
Figure 4-20 (a and b) displays the plastic shrinkage cracks number and width
at the initial and final setting times for the concrete mix that included CWP with 30%
by mass. The initial setting period showed cracks that ranged between 20 to 200 μm
where the number of cracks was about 42% higher than the control mixture. On the
other hand, cracks at the final set were about 116% those of the control mixture and
ranged between 10 to 200 μm.
This progression in the cracks number could be due to the addition of more
fine materials to the mixture therefore, the content and rate of bleeding declined
which augmented plastic shrinkage occurrence.
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Figure 4-19: M25-20% Plastic Shrinkage Cracks at (a) Initial Set and (b) Final Set

Figure 4-20: M25-30% Plastic Shrinkage Cracks at (a) Initial Set and (b) Final Set
Concrete mixture with 40% replacement level of CWP exhibited at the initial
setting time crack widths between 40 to 420 μm and cracks numbers around 75%
compared to the control mix. Final set plastic shrinkage cracks revealed an increase
of 64% compared to the control mix records. The crack widths ranged between 20 to
600 μm as seen in Figure 4-21 (a and b).
It must be noted that as the CWP content increased in the concrete mixture,
the cracks numbers and widths increased.
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Figure 4-21: M25-40% Plastic Shrinkage Cracks at (a) Initial Set and (b) Final Set
4.3.3.2 Mixture M 50

Figure 4-22: M50-0% Plastic Shrinkage Cracks at (a) Initial Set and (b) Final Set

Figure 4-22 (a and b) shows the plastic shrinkage cracks and its growth after
4 and 8 hours from the casting of the control concrete mix M 50–0%. At the initial
setting time, around 9 cracks with widths ranging between 20 to 500 μm were
observed. However at the final setting time, the number of observed cracks was more
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than triple the number of cracks at the initial setting time. In addition the width
ranged between 10 to 500 μm.

Figure 4-23: M50-10% Plastic Shrinkage Cracks at (a) Initial Set and (b) Final Set

Figure 4-24: M50-20% Plastic Shrinkage Cracks at (a) Initial Set and (b) Final Set

As shown in Figure 4-23 (a and b), concrete mixture that involved 10%
replacement level of CWP displayed larger number of cracks at initial and final
setting time compared to the control mix. On the other hand, shrinkage crack widths
at both setting times varied between 10 to 440 μm which is lower than the crack
widths of the control mix. The increase in cracks quantity at the initial set is about
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278% compared to the control mix; however, around 103% increase at the final
setting time.
Concrete mixture with replacement level 20% of cement by CWP relieved an
increase in the quantity of cracks in both initial and final setting times as compared to
M 50–0%. The cracks’ widths plus widths range between (10 to 200) μm. Cracks at
initial setting time were about 89% compared to the control mix, while, it was around
126% at the final setting time as seen in Figure 4-24.
Figure 4-25 (a and b) shows the development of plastic shrinkage cracks at
initial and final setting times for the concrete mixture with 30% CWP. Overall, it is
evident from the figures that there was a considerable increase of plastic shrinkage
cracks at the initial setting time by 111%; however at the final setting time, a slight
increase in the number of cracks was observed compared to the control mix. Crack
widths at both setting times varied between 20 to 200 μm.

Figure 4-25: M50-30% Plastic Shrinkage Cracks at (a) Initial Set and (b) Final Set
Figure 4-26 (a and b) provides a comparison between plastic shrinkage cracks
at the initial and final setting times for the concrete mixture with substitution level of
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40% of CWP by mass. Recorded cracks at initial setting were about 333% compared
to the M 50–0%. On the other hand, the recorded cracks at the final setting time were
168% compared to the M 50–0%. Cracks width at the initial and final setting times
ranged between 20 to 200 µm.

Figure 4-26: M50-40% Plastic Shrinkage Cracks at (a) Initial Set and (b) Final Set
4.3.3.3 Mixture M 75
For the 75 MPa mixtures, no plastic shrinkage cracks were observed for all
mixtures except the M 75-20, which included 20% CWP, which might be attributed
to the change in air temperature and humidity.
Figure 4 27 (a and b) shows the plastic shrinkage cracks of the high concrete
grade with 20% by mass CWP replacement level at the initial and final setting times.
According to Figure 4 27 (a), observed shrinkage cracks at the initial setting were
about 3 cracks where their widths ranged from 10 to 180 μm. While, Figure 4 27 (b)
displays the development of these cracks after 8 hours from casting and counted for
13 cracks with the same cracks’ width. As might be observed from the figures, the
ambient temperature increased slightly after the initial setting time while the relative
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humidity decreased. Those two conditions may cause high evaporation rates from the
concrete surface and thus increased the possibility of plastic shrinkage cracking to
occur.

Figure 4-27: M75-20% Plastic Shrinkage Cracks at (a) Initial Set and (b) Final Set

4.3.3.4 Plastic Shrinkage Test Conclusions
The incorporation of CWP up to 40% by mass substitutes cement in the 25
and 50 MPa concrete grades mixtures generally showed that the plastic shrinkage
cracks number and width increased. An exception was discovered for the M 25–10%
mixture that showed a slight reduction in the number of cracks compared to the
control mixture due to a drop in ambient temperature at the test date.
For the HPC 75 MPa mixtures, the use of CWP material as a partial
replacement of cement in a properly designed concrete mixture developed the
cohesion and decreased bleeding of the high performance fresh concretes. Hence, no
observed cracks were found at all mixtures except at the 20% CWP replacement
level mixture.
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4.4 Hardened Concrete Properties
4.4.1 Compressive Strength
4.4.1.1 Mixture M 25
Table 4-9 and Figure 4-28 show the compressive strength values for M 25
concrete mixtures with and without CWP at different ages 7, 28, 56, and 90 days.
Values between brackets show the coefficient of variation (C.O.V) for all M 25
mixtures.
Table 4-9: Mixtures M 25 Strength Development with Age
Mixture
Age
7-Days

M 25-0%

M 25-10%

M 25-20%

M 25-30%

M 25-40%

18.30 (5%)

20.40 (0%)

18.30 (5%)

17.23 (3%)

15.57 (2%)

28-Days

25.67 (5%)

27.80 (1%)

26.83 (3%)

25.50 (7%)

25.75 (4%)

56-Days

27.77 (1%)

30.10 (3%)

30.03 (2%)

29.73 (3%)

28.50 (2%)

90-Days

29.83 (5%)

33.60 (0%)

33.00 (0%)

32.30 (4%)

30.10 (2%)

*Values between brackets are coefficient of variation

As observed from the results, the control mix M 25–0% achieved strength
values of (18.30, 25.67, 27.77 and 29.83) MPa at 7, 28, 56 and 90 days, respectively.
Initially after 7 days of curing, the addition of CWP up to 20% increased the early
compressive strength values of the M 25 hardened concrete mixtures compared to the
control mix.
At higher CWP %, the early strength decreased. The M 25–10% CWP
concrete mixture achieved the highest 7 days strength (20.40 MPa) compared to the
control mixture.
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Figure 4-28: Mixtures M 25 Strength Development with Age

After 28 days, the control mixture achieved the target strength and recorded
25.67MPa, also an improvement in the strength value observed with the 10% CWP
replacement level with strength 27.8MPa. As the CWP substitution level increased
from 20 to 40%, the compressive strength values increased gradually except for the
mixture with 30% replacement level that showed an insignificant declination with
strength value 25.5MPa. This improvement might be attributed to the micro filling
ability of the CWP material in the bulk paste matrix and transition zone.
At 56 and 90 days, the inclusion of CWP up to 10% noted the highest
compressive strength values 30.10 MPa and 33.60 MPa, respectively. In both ages,
as the CWP replacement level increased, compressive strength values increased
relative to the control mixture. It was observed that, after the long curing period,
mixtures with 30% and 40% replacement levels showed an insignificant reduction in
the strength values compared to the 10% and 20% CWP. This improvement in the
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compressive strength values of all M 25 concrete mixtures might be due to the micro
filling ability and pozzolanic activity of the CWP material.
Table 4-10 illustrated the percentage change in the M 25 concrete mixtures
strength with respect to the control mix M 25–0% at different ages such as 28, 56 and
90 days and CWP percentages from 10% to 40%. Overall, the mixture including 10%
replacement level of CWP displayed the highest enhancement in strength values. On
the other hand, concrete mixtures with 40% replacement level demonstrated the
lowest strength trend among all mixtures as compared to the control mix.
Furthermore, late ages (56 and 90) days showed the highest strength improvement in
concrete mixes involving CWP.
Table 4-10: Mixtures M 25 Strength Change with Respect to M 25-0%
Mixture

M 25-10%

M 25-20%

M 25-30%

M 25-40%

8%

4%

-1%

0%

56-Days

8%

8%

7%

3%

90-Days

11%

10%

8%

0.9%

Age
28-Days

Figure 4-29 shows the change in strength with age for M 25 mixtures with
respect to the control mixture. Though there is not a major increase in the overall
concrete strength, some individual mixtures showed notable strength improvement.
After 28 days of age, M 25–10% concrete mixture scored the highest
improved strength mixture. The use of 20% CWP in a mixture recorded a strength
change by 4% compared to the control mixture. One the other hand, the use of 40%
of CWP did not have any effect on strength. The 30% CWP mixture exhibited an
insignificant strength reduction with 1%. The improvement noticed with the 10% and
20% CWP mixtures could be attributed to micro-filling effect of the CWP as its SSA
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is 1.5 times that of the replaced cement. As CWP % increased, the micro-filling
effect was not able to offset the reduction in the cement besides the low pozzolanic
reaction of the CWP.

Figure 4-29: Mixtures M 25 Change in Strength with Age

At later ages 56 and 90 days, this trend changed and mixtures with high CWP
started to show strength improvement. This could be attributed to the pozzolanic
reaction of the CWP.
4.4.1.2 Mixture M 50
Table 4-11 and Figure 4-30 show the development in the compressive
strength of the M 50 concrete mixtures with and without CWP up to 40% at 7, 28, 56
and 90 days of age. The control mix M 50–0% showed gradual increase in the
strength with age (39.25, 51.50, 57.83 and 63.83) MPa at 7, 28, 56 and 90 days
respectively with maximum value of C.O.V around 2%.
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Table 4-11: Mixtures M 50 Strength Development with Age
Mixture

M 50-0%

M 50-10%

M 50-20%

M 50-30%

M 50-40%

7-Days

39.25 (2%)

33.35 (1%)

32.67 (3%)

32.13 (1%)

31.60 (1%)

28-Days

51.50 (1%)

50.07 (0%)

47.15 (1%)

49.03 (5%)

42.63 (3%)

56-Days

57.83 (1%)

55.50 (3%)

51.67 (2%)

50.67 (1%)

52.00 (3%)

90-Days

63.83 (2%)

57.50 (1%)

52.33 (3%)

53.00 (7%)

54.50 (1%)

Age

*Values between brackets are coefficient of variation

Figure 4-30: Mixtures M 50 Strength Development with Age
At 7 days of age, it was observed that concrete mixtures that included CWP
as cement replacement showed a gradual drop in the compressive strength compared
to the control mixture, with the 10% CWP replacement level mixture according to
the highest strength value of 33.35 MPa and 1% C.O.V compared to the other
concrete mixtures with different CWP %.
A similar compressive strength pattern could also been seen at 28 days of age
where the inclusion of 10% CWP by mass, the highest strength value of 50.7 MPa
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was achieved compared to the other CWP % mixtures. Any increase in the CWP
content decreased the compressive strength values. It is important to note that
concretes with CWP replacement levels from 20% to 40% did not gain the target
strength at the age of 28-days. This might be attributed to the fact that the CWP had
very slow pozzolanic reaction and its micro-filling effect is not capable to
compensate for the reduction in cement.
After 56 days and 90 days of age, mixtures including CWP showed strength
gain with age although still lower than the control mixture. The mixture with 10%
CWP being the highest. Mixtures including CWP 20% to 40% achieved the target
strength at 56 days of age. This gain in strength with age could be attributed to
pozzolanic effect of the CWP.
Table 4-12 shows the percentage change in the M 50 compressive strength
test results with respect to the control mix M 50–0% at different ages 28, 56 and 90
days and the inclusion of CWP as partial cement replacement by 10%, 20%, 30%
and 40% by mass.
It could be clearly seen that none of the M 50 mixtures showed any strength
improvement as the replacement level increases. Also, the reduction in strength
decreased with age.
Table 4-12: Mixtures M 50 Strength Change with Respect to M 50-0%
Mixture

M 50-10%

M 50-20%

M 50-30%

M 50-40%

28-Days

-3%

-9%

-5%

-21%

56-Days

-4%

-12%

-14%

-11%

90-Days

-11%

-22%

-20%

-17.1%

Age
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Figure 4-31 shows the percentage change in the compressive strength of the
M 50 mixtures including CWP at various ages 28, 56 and 90 days. At 28 days of age,
compressive strength values decreased for all mixtures with CWP. The reduction
ranged from 3% to 21% for concrete mixtures with 10% to 40% CWP replacement
level.

Figure 4-31: Mixtures M 50 Change in Strength with Age

As the age and CWP % increase in mixtures, the reduction in strength values
increased. This could be attributed to the high amount of unreacted silica as the CWP
replacement level increases in concrete mixtures.
4.4.1.3 Mixture M 75
As can be seen from Table 4-13 and Figure 4-32 that the control mix M 75–
0% recorded the following compressive strength values (73.17, 80, 82 and 86.5)
MPa, at 7, 28, 56 and 90 days of age respectively with maximum C.O.V of 2%.
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Interestingly, the trend of the development in the compressive strength while
including CWP in the concrete mixtures increased after the use of 10% replacement
level of CWP then decreased gradually as the replacement level increased compared
to the control mix.
Table 4-13: Mixtures M 75 Strength Development with Age
Mixture
Age

M 75-0%

M 75-10%

M 75-20%

M 75-30%

M 75-40%

7-Days

73.17 (1%)

80.75 (2%)

55.50 (1%)

51.75 (2%)

62.50 (1%)

28-Days

80.00 (0%)

84.50 (6%)

70.33 (3%)

69.50 (3%)

64.67 (1%)

56-Days

82.00 (2%)

88.00 (0%)

77.00 (0%)

76.25 (2%)

74.83 (1%)

90-Days

86.50 (1%)

89.75 (2%)

80.57 (4%)

80.50 (1%)

75.77 (0%)

*Values between brackets are coefficient of variation

At the testing age of 7 days, compressive strength value of the control
mixture was 73.17 MPa, and then the strength increased to 80.75 MPa with 10%
cement replaced by CWP. This increase was followed by a sharp decrease in strength
values 50 MPa to 55 MPa for mixes 20% to 30% replacement levels. After that, the
compressive strength value increased and reached 62.5 MPa for M 75–40% mixture
with maximum C.O.V. of 1%.
Likewise after 28 days, the use of 10% CWP as cement replacement
increased the compressive strength from 80MPa to 84.50MPa which is higher than
the control mixture. Mixtures with 20% to 40% CWP also showed increase in the
strength. It should be noted that at 28 days of age only the M 75-10% achieved the
target strength.

105

Figure 4-32: Mixtures M 75 Strength Development with Age
The same trend of the compressive strength change had been seen after 56
days. Strength increased from 82MPa to 88MPa for the 10% CWP exceeding the
control mixture. Mixtures with 20% and 30% CWP achieved the target strength
while the mixture with 40% CWP did not. Similarly, after 90 days, concrete mixture
with 10% CWP continued to gain the strength which exceeded the control mixture.
Mixtures with CWP 20% to 40% continued to gain strength. Mixture M 7540% achieved the target strength. It is important to note that for the mixture with
40% CWP, the strength development rate was very slow.
Table 4-14 shows the change percentage in compressive strength for mixtures
with CWP 10% to 40% with respect to the control mixture M 75-0% at different
ages. Mixture M 75–10% recorded a positive enhancement in the strength results at
all ages compared to M 75–0%, while any additional increase in the CWP level up to
40% negatively affect the compressive strength.
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Table 4-14: Mixtures M 75 Strength Change with Respect to M 75-0%
Mixture

M 75-10%

M 75-20%

M 75-30%

M 75-40%

28-Days

5%

-14%

-15%

-24%

56-Days

7%

-6%

-8%

-10%

90-Days

4%

-7%

-7%

-14.2%

Age

Figure 4-33 shows the percentage change in compressive strength of the HPC
concrete mixtures including CWP from 10% to 40% at several ages 28, 56 and 90
days.

Figure 4-33: Mixtures M 75 Strength Change with Respect to M 75-0%

At late ages 28, 56 and 90 days, the compressive strength of the mixture M
75-10% continued to increase. The increase in strength ranged between 4% to 7%.
Mixture M 75-10% achieved target strength at 7 days of age. As for concrete
mixtures including CWP 20% to 40%, the strength increased with age, yet lower than
the control mix. The reduction in strength decreased with age 6% to 24%.
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Generally, all high performance concrete mixtures including CWP as cement
replacement with replacement level 20% to 40% illustrated reductions in strength
values compared to the control mix at all ages. At late ages 56 and 90 days, the target
strength was achieved by all mixtures. This could be accredited to the pozzolanic
reaction of the CWP where its effect appeared at late ages.
4.3.1.4 Compressive Strength Test Conclusions
M 25 hardened concrete mixtures with CWP showed improvement in the
compressive strength outcomes due to the very fine particles that allow for more
dense paste packing which affected the interfacial transition zone with a denser and
more homogeneous microstructure. All CWP mixtures achieved target strength at 28
days of age. In contrast, M 50 concrete mixtures illustrated negative change in the
strength for all CWP replacement levels. For all mixtures with CWP, strength
increased with age, yet lower than the control mix. Strength reduction reduced with
age. Mixture with 10% CWP achieved target strength at 28 days of age, while
mixtures with 20%, 30% and 40% CWP achieved target strength at 56 days of age.
For all high performance concrete grade mixtures M 75 MPa, the
compressive strength of the high performance concrete mixtures was negatively
affected by the increase of the CWP percentage replacing cement for 20% to 40%
replacement levels, while for 10% CWP a positive change was recorded and target
strength was achieved at 7 days of age. For the 20% and 30% CWP mixtures, target
strength was achieved at 56 days of age, while mixture with 40% CWP achieved
target strength at 90 days of age.
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The strength loss in the 50 and 75 MPa concrete mixtures as the CWP
replacement level increased. This might be attributed to the fact that CWP material
shows a very slow pozzolanic reactivity that mainly recognized at late ages in
addition to its micro-filling effect that might be incapable to compensate for the
reduction in the high cement content of these mixtures as the CWP replacement level
increased.
4.4.2 Ultrasonic Pulse Velocity (UPV) Test
4.4.2.1 Mixture M 25
Table 4-15 shows the pulse velocity results of the control mixture and
mixtures including CWP by 10, 20, 30 and 40 % by mass. Ultrasonic Pulse Velocity
(UPV) technique measured the time of travel of an ultrasonic pulse passing through
the concrete being tested.
Table 4-15: Mixtures M 25 UPV Test at 28, 56 and 90 Days
90 Day 56 Day 28 Day

Mixture
Velocity (m/s)

M25-0% M25-10% M25-20% M25-30% M25-40%
4750
4820
4720
4670
4500

Conc. Quality

Excellent

Excellent

Excellent

Excellent

Good

Velocity (m/s)

4800

4890

4730

4670

4580

Conc. Quality

Excellent

Excellent

Excellent

Excellent

Excellent

Velocity (m/s)

4890

4950

4760

4820

4590

Conc. Quality

Excellent

Excellent

Excellent

Excellent

Excellent

UPV test outcomes revealed that higher velocity is obtained when concrete
quality is excellent in terms of density, uniformity, homogeneity etc such as
conventional mix and mixes with lower CWP %.
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It can be clearly seen that the pulse velocity in (m/s) varied slightly across the
ages and concrete mixtures CWP dosages. For all mixtures UPV increased with age.
After 28 days of age, all concrete mixtures showed an excellent concrete
quality except for the 40% CWP mixture that showed a good quality. On the other
hand, after 56 and 90 days of curing, all mixtures exhibited an excellent concrete
quality and a satisfactory level of homogeneity.
Using CWP replacement level of 10% slightly increased the velocity values.
This could be attributed to the densification of the microstructure and lower pores
connectivity owing to the micro-filling effect of CWP in addition to some pozzolanic
activity especially at later ages.
The decrease in the velocity values in the mixtures with higher CWP
percentages might be due to the fact that the amount of silica was too high and the
quantity of the generated calcium hydroxide (CH) as a cement hydration product was
probably insufficient to react with all the available silica, therefore several silica
components were left without chemical reaction.
4.4.2.2 Mixture M 50
Table 4-16 illustrates the ultrasonic pulse velocity (UPV) values of the 50
MPa concrete mixtures. The ability of mixtures with CWP less than 20% in reducing
the cement paste/concrete porosity through the CWP micro-filling effect and
potential pozzolanic effect might explain the higher velocity observations.
All concrete mixtures with and without CWP showed an excellent concrete
quality, it is evident that as the CWP % increases in mixtures, a decrease in the
velocity values was observed.
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Table 4-16: Mixtures M 50 UPV Test at 28, 56 and 90 Days
90 Day 56 Day 28 Day

Mixture
Velocity (m/s)

M50-0% M50-10% M50-20% M50-30% M50-40%
4900
4700
4700
4620
4630

Conc. Quality

Excellent

Excellent

Excellent

Excellent

Excellent

Velocity (m/s)

4890

4850

4750

4680

4650

Conc. Quality

Excellent

Excellent

Excellent

Excellent

Excellent

Velocity (m/s)

5100

5000

5000

4800

4700

Conc. Quality

Excellent

Excellent

Excellent

Excellent

Excellent

4.4.2.3 Mixture M 75
Table 4-17 compares the UPV results of concrete mixtures with and without
CWP at different test ages 28, 56 and 90 days. As a whole, all high performance
concrete mixtures showed an excellent concrete quality at all ages and the UPV
values increased with age. This could be attributed to the better packing efficiency
provided by the fine particles of CWP in the produced mixtures. Generally, there was
a slight decrease in the velocity values as the CWP replacement level increased up to
40% by mass.
Table 4-17: Mixtures M 75 UPV Test at 28, 56 and 90 Days
90 Day 56 Day 28 Day

Mixture
Velocity (m/s)

M75-0% M75-10% M75-20% M75-30% M75-40%
4960
4870
4730
4650
4610

Conc. Quality

Excellent

Excellent

Excellent

Excellent

Excellent

Velocity (m/s)

4980

4980

4820

4910

4850

Conc. Quality

Excellent

Excellent

Excellent

Excellent

Excellent

Velocity (m/s)

5000

5000

4900

4950

4940

Conc. Quality

Excellent

Excellent

Excellent

Excellent

Excellent
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4.4.2.4 Ultrasonic Pulse Velocity Test Conclusions
After the inclusion of CWP in mixtures with several dosages, all mixtures
exhibited satisfactory concrete quality. The UPV values increased with age for all
mixtures. As the percentage of CWP increased, a slight decrease in the UPV values
was observed. The reduction did not affect the quality of the produced concrete.
4.4.3 Drying Shrinkage Test
4.4.3.1 Mixture M 25
Figure 4-34 shows the 25 MPa concrete mixtures drying shrinkage strain after
120 days. For concrete mixture with and without CWP as replacement of cement by
0, 10, 20, 30 and 40% by mass.
It is clear from the figure that the drying shrinkage values decrease with the
increase in CWP content except for the 20% CWP mixture. These variations in the
drying shrinkage values are minimal and are most likely within the error of testing
and measurement. The reduction in drying shrinkage could be attributed to the fact
that CWP resulted in densifying the microstructure and reducing pores connectivity
due to its micro-filling effect and pozzolanic reaction.
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Figure 4-34: Mixtures M 25 Drying Shrinkage Strain after 120 Days

4.4.3.2 Mixture M 50
Figure 4-35 shows the drying shrinkage strain after 120 days for the 50 MPa
concrete mixtures with cement replacement by 0, 10, 20, 30 and 40% CWP by mass.
Generally, as the CWP percentage increased in the mixtures, drying shrinkage strain
decreased.
This might be explained by the fact that as the replacement level of CWP
increased in mixtures, it’s very fine particles with the very high specific area (SSA)
around 555 m2/kg changed the pores structure and connectivity in addition restricted
water from movement. Hence, the drying shrinkage measurements were reduced by
2% to 18%.
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Figure 4-35: Mixtures M 50 Drying Shrinkage Strain after 120 Days

4.4.3.3 Mixture M 75
Figure 4-36 shows the drying shrinkage strain after 120 days of the different
HPC mixtures 75 MPa with and without CWP as cement replacement. The four
CWP concrete mixtures showed a similar trend in reduced drying shrinkage strain
except for the 20% CWP mixture which considered within the error of testing and
measurement. Generally, replacement percentages above the 10% CWP displayed
mean shrinkage values lower than that of the control mixture. This reduction ranges
from 9% to 27%. Due to the fact that the CWP specific surface area (SSA) 555
m2/kg is considered relatively high, this allows it to act as a micro-filler. Besides its
pozzolanic reactivity which resulted in densifying the microstructure. Therefore,
CWP particles limited the movement of water and thus shrinkage decreased.
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Figure 4-36: Mixtures M 75 Drying Shrinkage Strain after 120 Days

4.4.3.4 Drying Shrinkage Test Conclusions
After investigating the 25, 50 and 75 MPa mixtures it can be concluded that
the CWP replacement level decreased the measured 120 days drying shrinkage strain
due to the micro-filling effect by CWP particles and its pozzolanic reaction. On the
other hand, the 20% CWP replacement level for the 25 and 75 MPa concrete grade
mixtures, the effect of the high specific surface area of the CWP was not significant
therefore, drying shrinkage strain increased.
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4.5 Durability Properties
4.5.1 Rapid Chloride Permeability Test (RCPT)
4.5.1.1 Mixture M 25
Table 4-18 and Figure 4-37 compare the chloride ion permeability values in
terms of the electrical charge passing in coulombs through the 25 MPa concrete
mixtures. Cement was replaced partially by 10, 20, 30 and 40% CWP by mass and
tested after 28 and 90 days of age. Table 4-18 shows the electrical passed charge,
coefficient of variance values and concrete chloride ion permeability classification as
per ASTM C1202. Passing charge decreased with age. It can be clearly seen that the
average passed charge at both 28 and 90 days was declining as the ratio of CWP in
mixtures increased up to 40%.

M250%

M2510%

M2520%

M2530%

M2540%

28-Day

Passed Charge (coulombs)

4691

2899

1517

864

590

Coefficient of Variation
Chloride Permeability

14%
High

25%
Moderate

19%
Low

90-Day

Table 4-18: Mixtures M 25 RCPT Test at 28 and 90 Days

Passed Charge (coulombs)

1572

626

433

Coefficient of Variation
Chloride Permeability

15%
Low

11%
V. Low

Mixture

7%
5%
V. Low V. Low
318

257

3%
21%
19%
V. Low V. Low V. Low

Table 4-18 illustrates that after 28 days of curing; the reference mixture M
25–0% exhibited an average charge of about 4691 coulombs with 14% C.O.V. Then
this value decreased when CWP increased in concrete mixtures and reached (2899,
1517, 864 and 590) coulombs with 10%, 20%, 30% and 40% CWP by mass
respectively. This reduction was in the range of 38% to 87% after 28 days of age. On
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the other hand, M 25–0% recorded 1572 coulombs with 15% C.O.V after 90 days of
age. As the substitution level increased, the average passed charge dropped to 626,
433, 318 and 257 coulombs for 10%, 20%, 30% and 40% CWP, respectively. The
drop in the average passed charge for CWP mixtures ranged from 60% to 84%.
As viewed via Figure 4-37 the average passed charge through M 25–0%
dropped to 66.5% from 28 to 90 days of age and the concrete mixture classified as
“High” then “Low” in the chloride permeation, respectively. The mixture with 10%
CWP showed a reduction of 78.4% between both ages. The 10% CWP concrete
showed “Moderate” chloride permeability at 28 days that turned to “Very Low”
chloride permeability after 90 days. Similarly, as the CWP replacement level
increased to 40%, the chloride ions permeability dropped sharply especially at late
ages where all concrete mixtures were categorized as “Very Low” with respect to
chloride permeation.

Figure 4-37: Mixtures M 25 RCPT Test at 28 and 90 Days
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Table 4-19 and Figure 4-38 how the chloride ion permeation rate at 28 and 90
days of age for concrete mixtures with and without CWP. The chloride permeation
rate was calculated to evaluate the concrete resistance as it is based on the rate of
increasing chloride charge passing with time through the concrete specimen which
mainly depends on the pore size connectivity. It was observed that, the chloride ion
penetration rate dropped significantly with age for all concrete mixtures especially
when the CWP replacement level increased. This reduction gave the intuition of
remarkable improvements in the resistance to chloride permeation and the durability
of concrete mixtures to chloride induced corrosion.
Table 4-19: Mixtures M 25 Average RCPT Rate at 28 and 90 Days
Mixture
Age
28-Day
90-Day

M 25-0%

M 25-10%

M 25-20%

M 25-30%

M 25-40%

11.30

7.50

3.29

2.02

1.17

3.43

1.80

1.16

0.86

0.53

Figure 4-38: Mixtures M 25 Average RCPT Rate at 28 and 90 Days
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At 28 days of age, the inclusion of CWP significantly reduced the chloride
permeation rate. The reduction was 33.6%, 70.9%, 82.1% and 89.6% for 10%, 20%,
30% and 40% respectively. The increase of CWP showed the highest reduction.
Similarly, at 90 days of age, the reduction was 47.5%, 66.2%, 74.9% and 84.5% for
10%, 20%, 30% and 40% CWP respectively.
Overall, the incorporation of CWP by different dosages had a substantial
effect on enhancing the resistance to chloride ion permeability of the concrete
mixtures. As the CWP replacement level increased, a much higher resistance to
chloride ions was observed which revealed excellent protection against chloride
induced corrosion. This could be due to the microstructure densification and refining
pore structure provided by the fine particles of CWP besides its pozzolanic nature.
4.5.1.2 Mixture M 50
Table 4-20 and Figure 4-39 illustrate the chloride ion permeation
measurements in terms of the average passed charge in coulombs of the 50 MPa
concrete mixtures with and without CWP material, the C.O.V and the concrete
classification according to ASTM C1202.

M500%

M5010%

M5020%

M5030%

M5040%

28-Day

Passed Charge (coulombs)

4695

2899

1748

662

521

Coefficient of Variation
Chloride Permeability

14%
High

25%
Moderate

3%
Low

3%
V. Low

10%
V. Low

90-Day

Table 4-20: Mixtures M 50 RCPT Test at 28 and 90 Days

Passed Charge (coulombs)

1748

690

478

366

258

Coefficient of Variation
Chloride Permeability

3%
Low

6%
V. Low

5%
V. Low

12%
V. Low

10%
V. Low

Mixture
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The chloride permeation decreased with age. Also, the chloride permeation
significantly decreased by the inclusion of CWP. The reduction increased as the
CWP replacement increased.
At 28 days of age, the inclusion of CWP changed the concrete category with
respect to chloride permeation from “High” for control mixture to “Very Low” when
30% and 40% CWP was used. The charge passed reduced from 4695 coulombs for
M 50-0% to 521 coulombs for M 50-40%. At 90 days of age, the charge passed was
reduced from 1748 coulombs for M 50-0% to 258 coulombs for M 50-40%.

Figure 4-39: Mixtures M 50 RCPT Test at 28 and 90 Days

Table 4-21 and Figure 4-40 give the chloride permeability rate values for the
M 50 concrete mixtures with and without CWP at 28 days and 90 days of age.
Generally, by increasing the CWP replacement level in concrete mixtures, the
chloride permeation rate decreased gradually.
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Table 4-21: Mixtures M 50 RCPT Test at 28 and 90 Days
Mixture
Age
28-Day
90-Day

M 50-0%

M 50-10%

M 50-20%

M 50-30%

M 50-40%

11.45

7.50

4.74

1.24

1.24

4.74

1.86

1.27

1.00

0.68

After 28 days, the chloride permeation rate of the conventional concrete
mixture was 11.45 (coulombs/minute). Then the chloride permeation rate reduced to
7.5, 4.74, 1.24 and 1.24 (coulombs/minute) in concrete mixtures with CWP replacing
cement by 10%, 20%, 30% and 40%, respectively. Similar trend at 90 days of age
was observed for 0%, 10%, 20%, 30% and 40% CWP, where the chloride
permeation rates were 4.74, 1.86, 1.27, 1 and 0.68 (coulombs/minute), respectively.

Figure 4-40: Mixtures M 50 Average RCPT Rate at 28 and 90 Days

Based on the results, it can be concluded that concrete mixtures with CWP
partially replacing cement had a significant impact in preventing chloride ions from
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entering the concrete especially at late ages. This might be ascribed to the improved
concrete microstructure with reduced porosity due to the inclusion of CWP. Mixtures
with CWP showed reduction in the chloride penetration rate ranging from 35% to
89% at age 28 days for CWP from 10% to 40%. The reduction ranged from 60% to
86% at age 90 days.
4.5.1.3 Mixture M 75
As can be seen from Table 4-22 and Figure 4-41 all high performance
concrete mixtures, including CWP as partial cement replacement from 10% to 40%
showed very low chloride permeation especially as the replacement level increased
up to 40%. The average passed charge decreased with age.
Table 4-22: Mixtures M 75 RCPT Test at 28 and 90 Days
M750%

M7510%

M7520%

M7530%

M7540%

Passed Charge (coulombs)

1280

1200

547

338

214

Coefficient of Variation
Chloride Permeability

8%
Low

3%
Low

4%
V. Low

14%
V. Low

7%
V. Low

Passed Charge (coulombs)

956

483

253

129

166

Coefficient of Variation

13%
V.
Low

0%

2%

6%

34%

V. Low

V. Low

V. Low

V. Low

90-Day

28-Day

Mixture

Chloride Permeability

At 28 days of age, the control concrete mixture showed an average passed
charge of 1280 coulombs with 8% C.O.V. This value decreased by the use of 10%
CWP to 1200 coulombs followed by 20% and 30% concrete mixtures, where the
total passed charges were 547 and 338 coulombs, respectively. At 40% replacement
level concrete mixture showed the least average passed charge with 214 coulombs
and 7% C.O.V. At 90 days of age, mixtures with 10%, 20%, 30% and 40% CWP
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showed reduction in the total passed charges of 483, 253, 129 and 166 coulombs,
respectively.
As shown in Figure 4-41 the control and the 10% CWP concrete mixtures
displayed “Low” chloride permeation class after 28 days of age while the rest of
concrete mixtures with 20%, 30% and 40% CWP by weight showed “Very Low”
chloride permeation class at the same age. After 90 days, all concrete mixtures with
and without CWP displayed “Very Low” chloride permeation.

Figure 4-41: Mixtures M 75 RCPT Test at 28 and 90 Days

Table 4-23 and Figure 4-42 give the average chloride permeation rate for
concrete mixtures with 0%, 10%, 20%, 30% and 40% CWP at 28 and 90 days of age.
It was noted that as the replacement level increased from 0% to 40%, the average
chloride entrance rate dropped considerably. Furthermore, the chloride permeation
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rates of the control mixture at 28 and 90 days of age were low due to the high cement
content in the mixture and as the fine CWP increased, the rate decreased as well.
Table 4-23: Mixtures M 75 RCPT Test Rate at 28 and 90 Days
Mixture
Age
28-Day
90-Day

M 75-0%

M 75-10%

M 75-20%

M 75-30%

M 75-40%

3.51

3.04

1.44

1.01

0.57

2.58

1.35

0.70

0.37

0.48

Similarly, as seen from Figure 4-42 at 28 days of age the control concrete mix
achieved chloride penetration rate of 3.51 (coulombs/minute). Afterwards, the 10%
CWP concrete mixture recorded chloride permeation rate of 3.04 (coulombs/minute),
which was reduced through the inclusion of more CWP 20%, 30% and 40% and
recorded an average values of 1.44, 1.01 and 0.57 (coulombs/minute), respectively.

Figure 4-42: Mixtures M 75 Average RCPT Rate at 28 and 90 Days
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On the other hand, after 90 days of age, the control concrete mixture
registered an average rate value of 2.58 (coulombs/minute). It can be seen that, 48,
73, 86 and 82% reduction in the average rate was noted for 10, 20 and 30 and 40%
CWP, respectively.
4.5.1.4 Rapid Chloride Permeability Test (RCPT) Conclusions
All 25, 50 and 75 MPa concrete mixtures with CWP partially replacing
cement with different levels demonstrated a significant reduction in the RCPT
measurements as the CWP % increased. This is due to the very fine average
particles’ size of the CWP with 5 to 10 µm that resulted in micro-filling and refining
pores size. The effect of CWP was more effective at late age which might be due to
the pozzolanic effect of the CWP in addition to its micro-filling effect.
The chloride permeation rate showed the effect of CWP on the penetration of
chloride ions, which mainly depends on pores’ connectivity. It is apparent that the
replacement of cement by CWP resulted in concrete porosity discontinuity and thus
improved the durability characteristics of the mixtures.
4.5.2 Bulk Electrical Resistivity Test
4.5.2.1 Mixture M 25
Table 4-24 gives the average bulk electrical resistivity in (kΩ.cm) of the 25
MPa concrete mixtures with and without CWP. The test was conducted at two
different ages 28 and 90 days, also the table shows the standard deviation and the
corrosion protection level of each mixture as per ACI-222R-01 (2009).
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It is observed that at 28 days of age the control concrete mixture reported an
average bulk electrical resistivity value of 5.7 (kΩ.cm) with around 0.04 (kΩ.cm)
standard deviation. The resistivity value increased as the replacement level of CWP
increased in the mixture from 10% to 40%. Mixture M 25–10% achieved 6.7
(kΩ.cm), followed by M 25–20% with 13.2 (kΩ.cm), then M 25–30% with 27.0
(kΩ.cm), and finally M 25–40% with 27.4 (kΩ.cm).
Table 4-24: Mixtures M 25 Bulk Electrical Resistivity Test at 28 and 90 Days

90-Day

28-Day

Mixture
ρ (kΩ.cm)
Standard
Deviation
Corrosion
Protection
ρ (kΩ.cm)
Standard
Deviation
Corrosion
Protection

M25-0%

M25-10%

M25-20%

M25-30%

M25-40%

5.7

6.7

13.2

27.0

27.4

0.04

0.3

0.2

2.7

0.52

Moderate

Moderate

High

Very High

Very High

17.8

35.9

41.4

56.1

57.7

0.7

0.1

1.6

2.1

2.0

High

Very High

Very High

Very High

Very High

After 90 days of age, a similar trend was observed. The measured average
electrical resistivity values after 90 days for the control and CWP concrete mixtures
from 0% to 40% were 17.8, 35.9, 41.4, 56.1 and 57.7 (kΩ.cm), respectively. The
high electrical resistivity values of the 25 MPa concrete mixtures are an indication of
a denser microstructure and discontinue pores with higher corrosion protection
levels.
According to the corrosion protection classification, the control concrete
mixture showed a “Moderate” corrosion protection level after 28 days that was
enhanced to “High” at 90 days of age. While after the inclusion of CWP as cement
replacement in mixtures, the corrosion protection rank was enhanced significantly.
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By using 10% CWP, the resistivity level after 28 days was “Moderate” that changed
into “Very High” after 90 days. When 20% CWP was used, the protection level
improved from “High” to “Very High” at 28 and 90 days of age. Moreover, using
30% and 40% CWP kept the corrosion protection level in the “Very High” region at
both ages 28 and 90 days.

Figure 4-43: Mixtures M 25 Bulk Electrical Resistivity Results

4.5.2.2 Mixture M 50
Table 4-25 compares the average bulk electrical resistivity values for 50 MPa
different concrete mixtures incorporating CWP as cement replacement with 0%,
10%, 20%, 30% and 40% replacement levels at 28 and 90 days of age, in addition to
the standard deviation and corrosion protection level classifications.
The 28 and 90 days average electrical resistivity values for the control
concrete mixture was 8.1 and 12.9 (kΩ.cm) with a standard deviation range between
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0.4 to 1.0 (kΩ.cm), respectively. After the inclusion of CWP as partial cement
replacement, higher bulk electrical resistivity values were recorded compared to M
50–0%, (9.1, 30.2, 41.0 and 54.0) kΩ.cm for concrete mixtures with 10%, 20%, 30%
and 40% CWP, respectively at 28 days of age.
Table 4-25: Mixtures M 50 Bulk Electrical Resistivity Test at 28 and 90 Days

90-Day

28-Day

Mixture
ρ (kΩ.cm)
Standard
Deviation
Corrosion
Protection
ρ (kΩ.cm)
Standard
Deviation
Corrosion
Protection

M50-0%

M50-10%

M50-20%

M50-30%

M50-40%

8.1

9.1

30.2

41.0

54.0

0.4

0.7

2.4

0.2

5.4

Moderate

Moderate

Very High

Very High

Very High

12.9

19.1

43.0

60.9

95.5

1.0

0.10

2.4

1.1

3.5

High

Very High

Very High

Very High

Very High

On the other hand, all electrical resistivity values of the control mixture and
mixtures with CWP increased significantly at 90 days; especially the CWP mixtures
with 19.1, 43.0, 60.9 and 95.5 (kΩ.cm) for mixtures with 10%, 20%, 30% and 40%
CWP, respectively. The inclusion of the CWP as partial cement replacement resulted
in more dense microstructure and low discontinuous porosity which significantly
improved the bulk electrical resistivity. The microstructural densification and pores
discontinuity is due to the micro-filling effect and pozzolanic reaction of the CWP.
From the results, it is observed that at 28 days of age, the corrosion protection
increased from “Moderate” for mixtures with 0% and 10% CWP replacement levels
to “Very high” as the substitution level increased up to 40%. At the 90 days of age,
the corrosion protection level of all mixtures with and without CWP ranged between
“High” to “Very high” resistance level.
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Figure 4-44: Mixtures M 50 Bulk Electrical Resistivity Results

4.5.2.3 Mixture M 75
Table 4-26 gives the average bulk electrical resistivity values in (kΩ.cm) of
the high performance concrete mixtures at 28 and 90 days of age with 0%, 10%,
20%, 30% and 40% CWP. It can be seen that the higher the CWP content in concrete
mixtures, the higher the corrosion protection level at both ages. The incorporation of
the very fine CWP particles in the high performance concrete mixtures modified the
microstructure of mixtures. M 75–0% showed an average bulk electrical resistivity
value of 12.7 (kΩ.cm) with 0.9 (kΩ.cm) S.D. after 28 days. Then, after the inclusion
of CWP in the mixtures, the corrosion resistance level increased as the level of CWP
increased with 21.9, 36.4, 51.0 and 70.5 (kΩ.cm) for CWP from 10% to 40% at 28
days of age. The standard deviation of all CWP concretes resistivity values was
lower than 1.6 (kΩ.cm).
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Table 4-26: Mixtures M 75 Bulk Electrical Resistivity Test at 28 and 90 Days

90-Day

28-Day

Mixture
ρ (kΩ.cm)
Standard
Deviation
Corrosion
Protection
ρ (kΩ.cm)
Standard
Deviation
Corrosion
Protection

M75-0%

M75-10%

M75-20%

M75-30%

M75-40%

12.7

21.9

36.4

51.0

70.5

0.9

1.1

0.3

1.4

1.6

High

Very High

Very High

Very High

Very High

20.1

49.2

82.1

104.6

143.3

0.4

0.1

2.6

1.3

6.3

Very
High

Very High

Very High

Very High

Very High

After 90 days of age, the same behavior was noticed in the tested mixtures
where the inclusion of CWP to concrete mixtures increased their resistance to
corrosion. Concrete mixtures with replacement levels of 0%, 10%, 20%, 30% and
40% showed resistivity values of 20.1, 49.2, 82.1, 104.6 and 143.3 (kΩ.cm),
respectively.

Figure 4-45: Mixtures M 75 Bulk Electrical Resistivity Results
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All concrete mixtures presented “High to Very High” corrosion resistance
level. Furthermore, at 28 and 90 days of age, there was a considerable growth in the
corrosion resistance values due to the inclusion of CWP by 455.1% and 640.3%,
respectively.
4.5.2.4 Bulk Electrical Resistivity Test Conclusions
The incorporation of the CWP material in concrete mixtures partially
replacing cement increased the electrical resistivity values significantly and
improved the corrosion protection level. This have been observed for 25, 50 and 75
MPa concrete mixtures where the higher the CWP content, the less porous, more
dense microstructure and a discontinuous pore system due to the micro-filling and
pozzolanic effect of the fine CWP particles.
4.5.3 Sorptivity Test
4.5.3.1 Mixture M 25
Table 4-27 shows the sorptivity measurements after 28 and 90 days of age,
and the values between brackets indicate the standard deviation of the test results.
Table 4-27: Mixtures M 25 Sorptivity Test Values at 28 and 90 Days
Mixture

M25-0%

M25-10%

M25-20%

M25-30%

M25-40%

28-Day

0.31(0.03)

0.27(0.05)

0.23(0.03)

0.17(0.03)

0.19(0.02)

90-Day

0.19(0.03)

0.16(0.002)

0.14(0.01)

0.16(0.02)

0.19(0.02)

Age

*Values between brackets are standard deviations

Figure 4-46 illustrates the average sorptivity results in (mm/min1/2) for the 25
MPa control concrete mixture and mixtures with CWP with up to 40% by mass.
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Figure 4-46 shows how the CWP material affects the durability performance of the
concrete mixtures presented by the water permeation absorption rate. At 28 days of
age, the control mixture showed the highest water absorption rate. As the CWP
replacement ratio increased in mixtures, the sorptivity values decreased compared to
the control mixture from 13% to 45%. The reduction of water absorption rate
indicates reduction in the capillary porosity and connectivity of capillary pores. The
micro-filling and pozzolanic effects of the CWP are the main reasons for this
reduction.

Figure 4-46: Mixtures M 25 Sorptivity Test Values at 28 and 90 Days

With age, sorptivity values decreased for all mixtures. A similar trend was
observed at 90 days of age where the recorded reduction was up to 26% with respect
to the control mixture.
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4.5.3.2 Mixture M 50
Table 4-28 illustrates the 50 MPa concrete mixtures sorptivity measurements
after 28 and 90 days ages and standard deviation, whereas Figure 4-47 depicts the
sorptivity values trend.
Table 4-28: Mixtures M 50 Sorptivity Test Values at 28 and 90 Days
Mixture

M50-0%

M50-10%

M50-20%

M50-30%

M50-40%

28-Day

0.31(0.03)

0.28(0.03)

0.22(0.01)

0.17(0.01)

0.20(0.01)

90-Day

0.18(0.02)

0.15(0.001) 0.12(0.002)

0.14(0.02)

0.17(0.02)

Age

*Values between brackets are standard deviations

Figure 4-47: Mixtures M 50 Sorptivity Test Values at 28 and 90 Days

The 50 MPa concrete mixtures showed the same trend of the 25 MPa
mixtures. At 28 and 90 days of age, sorptivity measurements decreased as the CWP
replacement level increased in mixtures with respect to the control mixture.
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Recorded reduction in the sorptivity measurements was between 10% - 45% at 28
days of age, while at 90 days of age, the reduction reached 33% compared to M 500%. This is due to the better packing effect of the CWP in filling and changing the
connectivity configuration of the capillary pores.
4.5.3.3 Mixture M 75
Table 4-29 and Figure 4-48 show the sorptivity results of the HPC mixtures
M 75 MPa for the control concrete mixture and after the inclusion of CWP as partial
replacement of cement by 0%, 10%, 20%, 30% and 40% after 28 and 90 days of age.
It is observed that as the CWP replacement level increased up to 40% in concrete
mixtures, sorptivity results decreased due to the function of CWP as capillary pores
filler. The CWP nature plays a role in densifying and refining the microstructure of
concrete mixtures.
It can be seen that after 28 and 90 days of age, a similar declination trend in
the sorptivity results was observed in concrete mixtures after the inclusion of CWP
compared to the control mixture. At 28 days of age, a maximum reduction of 46%
was observed whereas at 90 days, the recorded maximum reduction was 50% of the
M 75-0%. This can be related to the decrease in the capillary porosity in addition to
the change in their connectivity.
Table 4-29: Mixtures M 75 Sorptivity Test Values at 28 and 90 Days
Mixture

M75-0%

M75-10%

M75-20%

M75-30%

M75-40%

28-Day

0.13(0.01)

0.09(0.03)

0.07(0.02)

0.09(0.01)

0.09(0.002)

90-Day

0.12(0.04)

0.08(0.02)

0.06(0.01)

0.07(0.02)

0.08(0.02)

Age

*Values between brackets are standard deviations
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Figure 4-48: Mixtures M 75 Sorptivity Test Values at 28 and 90 Days

4.5.3.4 Sorptivity Test Conclusions
All concrete mixtures with different concrete grades 25, 50 and 75 MPa
showed a reduction trend in the sorptivity measurements with age compared to
control mixtures. This decrease could be attributed to the CWP function in
densifying the microstructure of concrete mixtures besides its possible pozzolanic
reactivity that led to the reduction in the capillary porosity and connectivity.
4.5.4 Permeable Pores Test
4.5.4.1 Mixture M 25
Table 4-30 and Figure 4-49 give information about the permeable pore
percentages in the 25 MPa concrete mixtures with 0%, 10%, 20%, 30% and 40%
cement replacement by CWP at 90 days of age.
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Table 4-30: Mixtures M 25 Permeable Pores at 90 Days
Mixture
Age
90 days

M 25-0%

M 25-10%

M 25-20%

M 25-30%

M 25-40%

10.1%

8.4%

7.4%

7.0%

6.5%

Figure 4-49: Mixtures M 25 Permeable Pores (%) at 90 Days
At 90 days of age and after the inclusion of CWP in concrete mixtures, a
general reduction in the permeable pores volume percentage occurred and ranged
between 17% - 36% compared to the M 25-0%. This could be attributed to the
physical nature of CWP in reducing the volume of permeable pores and altering their
connectivity system by improving the particle packing especially at the
aggregate/paste interfacial zone. This helped concrete mixtures with CWP to reduce
the loss of water from inside specimens which is reflected on reducing the drying
shrinkage as mentioned above.
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4.5.4.2 Mixture M 50
Table 4-31 and Figure 4-50 show the permeable pores percentages of the 50
MPa control concrete mixture and mixtures with 10%, 20%, 30% and 40% CWP
replaced partially by cement at 90 days of age.
Table 4-31: Mixtures M 50 Permeable Pores (%) at 90 Days
Mixture
Age
90 days

M 50-0%

M 50-10%

M 50-20%

M 50-30%

M 50-40%

8.3%

8.0%

6.3%

6.9%

8.1%

Figure 4-50: Mixtures M50 Permeable Pores (%) at 90 Days
It’s obvious that as the replacement level of CWP increased in mixtures, the
permeable pores percentages showed an overall reduction trend at 90 days of age
compared to the control mixture. Figure 4-50 shows a drop in the pores volume while
the use of up to 40% CWP which represent an improvement in the concrete
microstructure besides a decrease in the mixture porosity due to addition of CWP.
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At 90 days age, the reduction of the pores volume in mixtures with 10%, 20%
and 30% CWP ranged between 2 to 24% compared to M 50-0%. This might be due
to the ability of CWP to decrease the concrete mixtures porosity thru its role as a
micro-filler in addition to its pozzolanic effect.
4.5.4.3 Mixture M 75
Table 4-32 and Figure 4-51 show the permeable voids percentages of the
HPC M 75 MPa mixtures at 90 days of age. The 75 MPa concrete mixtures exhibited
the inclusion of CWP by 10%, 20%, 30% and 40% that partially replaced cement by
mass. It is observed that as the CWP replacement level increased in mixtures with up
to 40% CWP, permeable pores volume decreased dramatically.
Table 4-32: Mixtures M75 Permeable Pores (%) at 90 Days
Mixture
Age
90 days

M 75-0%

M 75-10%

M 75-20%

M 75-30%

M 75-40%

6.3%

5.1%

4.9%

4.1%

3.8%

The permeable pores volume of the control concrete mixture was 6.3%. By
the inclusion of CWP by 10% to the mixture, a sharp decrease observed in the pores
volume percentage with 5.1%. Then, this percentage dropped gradually to 4.9% after
the use of 20% CWP. The trend of the pores volume percentages of the 30% and
40% CWP was similar to the trend of the lower CWP replacement levels by 4.1%
and 3.8%, respectively.
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Figure 4-51: Mixtures M75 Permeable Pores (%) at 90 Days

The inclusion of CWP reduced the permeable pores in the M 75 MPa and the
reduction increased as the level of CWP replacement increases. The reduction for all
mixtures ranged from 19% to 40%. CWP significantly altered the pore structure
continuity which contributed to improving the concrete’s durability characteristics.
4.5.4.4 Permeable Pores Test Conclusions
The results of the Permeable pores percentages for the 25, 50 and 75 MPa
after incorporating CWP with up to 40% in concrete mixtures resulted in decreasing
the pore volume percentages which indicates an improvement in the mixtures
microstructure with reduced porosity. CWP material plays a vital role in reducing the
concrete mixtures porosity through its filling effect and potential pozzolanic effect.
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Chapter 5: Performance Evaluation of Concrete Mixtures
5.1 Introduction
The aim of the investigation is to assess the fresh and hardened properties of
the 25, 50 and 75 MPa concrete mixtures, besides durability characteristics of
concrete mixtures after the inclusion of ceramic waste powder (CWP) material that
partially replaced cement with up to 40% by mass.
This chapter presents the performance evaluation framework for the concrete
mixtures incorporating CWP as a partial replacement of cement by mass. CWP
considered a supplementary cementing material (SCM) that substituted cement by
several dosages 0, 10, 20, 30 and 40% by cement weight. The results of the 25, 50
and 75 MPa concrete mixtures revealed different performance characteristics. A
performance index (PI) technique is conceived using three concrete traits;
slump/slump loss for evaluating fresh mixture performance, compressive strength for
evaluating hardened concrete performance and electrical resistivity for evaluating
concrete durability performance as explained and justified in section 5.3. The aim of
the performance evaluation is to be able to select the CWP replacement level that can
achieve multifunctional concrete mixture.
5.2 Performance Index (PI) Approach
The PI approach is used to identify, test and judge the most appropriate
concrete mixture with respect to the desired performance(s) criteria. The index
calculation for each performance consists of a weighted rank (Wi) that evaluates the
mixture with respect to the best performance of all tested mixtures of that desired
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criterion. The weighted rank (Wi) is calculated by the ratio between the measured
performance for each concrete mixture with respect to the best measured
performance among all tested mixtures; hence, Wi should be less than or equal 1.0,
as shown below.
5-1

After that, a numeric index (Ri) is designed and calculated for each
performance indicator for all concrete mixtures. The best performance mixture was
given the highest numeric index (Ri) the value is set to 5. The numeric index (Ri) for
the performance criterion is determined by multiplying the highest index numeric
level (i.e. a value of any mixture x 5) by the weighted rank (Wi) of that mixture.
5-2
For a multifunctional performance, the most important part of the chapter is
the calculation of the performance index (PI) for several concrete mixtures. PI is
computed as the total summation of the numeric index (Ri) for the different desired
performance criteria. For instance, if the compressive strength, bulk electrical
conductivity and slump loss characteristics are the desirable indicators; the
summation of the numeric indices of the strength, bulk electrical resistivity and
slump loss for each mixture is calculated. Therefore, the concrete mixture that scores
the highest performance index (PI) is considered the suitable mixture for the above
mentioned multifunctional purposes and applications.
∑
Where;

5-3
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PI

=

Performance index for any required performance(s) criteria

Ri

=

Numeric index for each required performance

=

Number of required performance(s) criteria

5.3 Evaluation Tests Used for the Performance Index (PI) Evaluation
The effect of the grounded CWP as a partial cement replacement on the fresh
and hardened properties was investigated. In order to measure the performance of the
25, 50 and 75 MPa concrete mixtures with CWP, a representative set of tests such as
fresh properties (i.e. slump/slump loss, setting time and plastic shrinkage),
mechanical properties (i.e. compressive strength, drying shrinkage and UPV), and
durability characteristics (i.e. electrical resistivity, sorptivity, absorption and RCPT)
were assessed.
The fresh state properties of the concrete mixtures with and without CWP
were presented in Chapter 4. According to the experimental results, it can be seen
that the results of the slump and slump loss, setting time and plastic shrinkage were
all affected by the concrete mixture compositions with emphasis of the inclusion of
the CWP. Generally, the inclusion of the CWP in concrete mixtures increases the
retention time, delays the setting time and increases the plastic shrinkage cracks
except for the 75 MPa mixtures due to the use of the polycarboxylic ether based
superplasticizer. For the performance index (PI) evaluation, the slump loss data were
used as a measure for the fresh properties, since workability retention represents an
important factor during construction.
The results of the hardened properties of concrete mixtures after the inclusion
of the CWP were evaluated through the compressive strength (i.e. at 28 and 90 days
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of age), drying shrinkage and ultrasonic pulse velocity (UPV) measurements. The
compressive strength and UPV data were found to be directly related to each other.
As the CWP replacement level increases in mixtures, the strength increases and the
concrete quality was enhanced accordingly, as seen in Figure 5-1. It was observed
that similar correlation exists at 90 days of age. On the other hand, the drying
shrinkage data showed an insignificant and fluctuating trend. Hence, the results of
the compressive strength were used in the performance index evaluation of mixtures.
5.2
5.1
5.0

UPV

4.9
4.8
x 25 MPa
4.7

○ 50 MPa

4.6

Δ 75 MPa

4.5
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Strength
Figure 5-1: Compressive Strength and UPV Relationship at 90 Days of Age
The effect of the CWP on the durability characteristics of the concrete
mixtures were investigated by measuring the RCPT, sorptivity, permeable pores and
bulk electrical resistivity. Overall, the inclusion of CWP in concrete mixtures
improve the durability characteristics by decreasing the permeability of chloride ions,
increasing the bulk electrical resistance and decreasing the permeable pores volume
due to the change of the pores connectivity. The effect of high surface area (SSA)
555 m2/kg of the CWP resulted in densifying the concrete microstructure through its
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micro-filling effect. Also, the potential pozzolanic reactivity of the CWP plays a role
in this improvement.
Figure 5-2 through Figure 5-4; show the relation between the different
measured durability tests at 90 days of age. The main conclusion is that as the CWP
replacement level increased in concrete mixtures; the RCPT, sorptivity and
permeable pores volume decreased; while, the bulk electrical resistivity increased. It
should be noted that good correlations between all of the durability tests were
observed after 28 and 90 days of age. Resistivity test values were used in the PI
analysis to represent durability characteristics.
12.00

2000
x 25 MPa
○ 50 MPa
Δ 75 MPa

Pores Volume

10.00

1200
800

8.00
6.00
4.00

400

2.00

0

0.00
0

40

80

120

x 25 MPa
○ 50 MPa
Δ 75 MPa
0

160

40

Resistivty

80

120

160

Resistivty

Figure 5-2: Resistivity and RCPT
Relationship

Figure 5-3: Resistivity and Permeable
Pore Volume Relationship
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Figure 5-4: Resistivity and Sorptivity Relationship
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Table 5-2 and Table 5-3 show the weighted rank (Wi), numeric index (Ri)
and the computed performance index (PI) for the different concrete mixtures tested
in the investigation at 28 days and 90 days of age. The shaded cells indicate the
concrete mixture most suitable to the desired performance criteria. Besides individual
performance criterion evaluation, multifunctional performance criteria evaluation
was calculated; PI-1 for strength and slump loss, PI-2 for strength and bulk electrical
resistivity, PI-3 for slump loss and bulk electrical resistivity and finally PI-4 for all
the three performances i.e. strength, bulk electrical resistivity and slump loss.
Table 5-1 shows the most suitable CWP content for all concrete mixtures for
the different performances criteria and applications.
Table 5-1: Suitable CWP Replacement Level for Different Performance Criteria
Performance Criteria

CWP %
10-20%

Slump Loss

10%

Electrical Resistivity

40%

40%

Strength + Slump Loss (PI-1)
Strength + Bulk Electrical Resistivity (PI-2)

10-20%
40%

90-Days Age

10%

28-Days Age

Strength

10-20%
30-40%

Slump Loss + Bulk Electrical Resistivity (PI-3)

30-40%

20-40%

Strength + Electrical Resistivity + Slump Loss (PI-4)

30-40%

20-40%

Overall, it seems that incorporating 10% of CWP in concrete mixtures results
in improving the compressive strength after 28 and 90 days of age. Also, the limited
amount of CWP from10% to 20% increases the retention time (reduces the slump
loss) of concrete mixtures due to the very low CaO content in the CWP and its
potential pozzolanic reaction. Therefore, water will not be consumed at the beginning
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of the mixing rather its reaction will be at later age. Increasing the CWP content to
40% results in increasing the resistivity values to very high corrosion protection level
due to its role in densifying the microstructure of concrete mixtures after 28 and 90
days as noticed in Table 5-1. It is evident that a limited amount of CWP 10% to 20%
by cement mass might be optimal for obtaining the best strength and retention time
measurements as noticed from PI-1 results. On the other hand, concrete mixtures
with CWP amount 30% to 40% replacement of cement by weight showed good
results if the researcher was concerning about the strength and durability properties
together as remarked from PI-2. Also researchers seeking for good results in the
fresh and durability properties together, the optimal dose of CWP is 20% to 40% as
seen in PI-3. Finally, the limited CWP amount 20% to 40% cement by mass
considered the optimal amount of CWP for investigators wishing for combining the
fresh, hardened and durability properties together in one mixture.

Table 5-2: M 25, 50 and 75 MPa Performance Indices (PI) at 28 Days of Age
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5.4 PI Evaluation Results

Table 5-3: M 25, 50 and 75 MPa Performance Indices (PI) at 90 Days of Age
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Chapter 6: Conclusions and Recommendations
6.1 General
The feasibility of using ceramic waste powder (CWP) as cement replacement
in the concrete production at five different cement replacement levels 0, 10, 20, 30
and 40% CWP by cement mass and its contribution to sustainable concrete mixtures
has been investigated in this thesis. The experimental work reported in this thesis
included two experimental phases. Phase one, the as supplied CWP material was
examined in order to determine its characteristics and properties (i.e. moisture
content, particle size distribution, specific surface area (SSA) …etc.). Several
techniques such as the X-ray diffraction (XRD) and X-ray fluorescence (XRF) were
used to determine the morphology of the CWP whether crystalline or amorphous and
the main oxides of its chemical composition. On the other hand, scanning electron
microscope (SEM) was used to determine the particles’ shape and surface texture.
Phase two, focused on the utilization of CWP material partially replacing cement
with different mass replacement levels 0%, 10%, 20%, 30% and 40%. Three groups
of concrete mixtures with strength grades 25, 50 and 75 MPa were investigated.
Experiments were carried out to determine the effect of incorporating CWP on fresh
concrete (i.e. slump/slump loss, setting time and plastic shrinkage), hardened
concrete (i.e. compressive strength, drying shrinkage and ultrasonic pulse velocity
UPV) and durability properties (i.e. rapid chloride permeability test (RCPT), bulk
electrical resistivity, sorptivity and permeable pores).
Finally, a performance index analysis was conducted to evaluate the concrete
mixture including CWP for multifunctional performance.
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The outcomes of the current study are limited to the use of five CWP
replacement percentages from 0% to 40% by cement mass in 25, 50 and 75 MPa
concrete mixtures. The main findings of the thesis work along with recommendations
for future investigations on the treated subject are stated herein.
6.2 Conclusions
This research examined the viability of using recycled CWP that partially
replaced cement in concrete mixtures. Based on results of this research work, the
following conclusions can be drawn:
6.2.1 Ceramic Waste Powder (CWP) Characteristics
CWP used in this study was generated from the polishing process of final
ceramic tiles in a factory located in Abu Dhabi, UAE. The original raw materials
used in the production of ceramic tiles were: feldspar, ball clay, China clay and silica
sand. Kaolin is the essential ingredient of most of the raw ingredients. The as
received CWP average moisture content was 36% by mass. The dried CWP material
was ground to an average Blaine specific surface area (SSA) of 555 m 2/kg. More
than 50% by volume of CWP particles had size ranging between 5-10 µm. The SEM
examination of the CWP material showed that it consisted of irregular and angular
particles resembling cement particles in shape. The XRD analysis revealed that the
detected predominant peaks indicate the presence of (SiO2). Also, the observed hump
and the unleveled trend from 2θ values 0˚ to 40, indicated the occurrence of some
amorphous phase in the CWP material sample. The results of the chemical
composition of the CWP by X-ray florescence (XRF) illustrated that CWP mainly
consisted of silica (SiO2) and alumina (Al2O3) with 68.59% and 19%, respectively.
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Both oxides present around 88% of the total material mass. Also, the CWP included
very small mass percentages of calcium oxide (CaO), magnesium oxide (MgO),
sodium oxide (Na2O) and potassium oxide (K2O). The mass fractions of SiO2 +
Al2O3 + Fe2O3 in the CWP conforms well the requirement (>70%) stated in ASTM
C618 for a natural pozzolana. Also, the achieved strength activity index results
confirmed the pozzolanic activity of the ground CWP.
6.2.2 Fresh Concrete Properties
6.2.2.1 Slump and Slump Loss
Overall, as the replacement level of CWP increased form 0% to 40% in
concrete mixtures of grade 25 and 50 MPa, the initial slump value decreased. This
could be due to the high specific surface area of CWP relative to that of cement
which is approximately 1.5 times that of the cement.
The existence of CWP in the M 25 and M 50 concrete grades mixtures
extended the retention time. This would be attributed to the little hydraulic reaction
due to the very low calcium oxide (CaO) content and the possible pozzolanic
activity, therefore, the rate of consuming water is lower which resulted in extending
slump retention. Mixtures, M 25–10% and M 50–20% recorded the highest initial
slump values together with the best retention times.
On the other hand, concrete mixtures M 75 MPa revealed a volatile behavior
while studying the slump and slump loss properties after the inclusion of Type G
admixture. The effect of using different CWP replacement levels on the admixture
dosage needs further investigations to understand the behavior of the fresh mixtures
including CWP and admixture.

151

6.2.2.2 Setting Time
At the 25 and 50 MPa concrete mixtures, CWP material has little effect on
the initial setting time which considered minimal and within the error of testing and
measurement. While, a slight increase in the final setting time measurements was
observed as the replacement level increases compared to the reference mixtures
expect for the M50-30% CWP that showed lower setting time values. This might be
due to the fact that, setting time is mainly affected by the amount of water in the
mixture. Since CWP has no hydraulic reaction and possible pozzolanic, the rate of
consuming water from the mix was slower with increasing CWP replacement level.
Setting time results are following similar trend observed in the slump retention.
As the CWP substitution level increases in the HPC mixtures, an
improvement in the setting values was observed but still lower than the control mix
M 75-0%. This could be attributed to the fact that the use of Type G admixture in
HPC mixtures affected the setting time. In addition, the effect of using CWP together
with the admixture on the behavior of the mixtures is not clear and needs further
investigation.
6.2.2.3 Plastic Shrinkage
The incorporation of CWP up to 40% by mass substitutes cement in the 25
and 50 MPa concrete grades mixtures generally showed that the plastic shrinkage
cracks number and width increased. An exception was discovered for the M 25–10%
mixture that showed a slight reduction in the number of cracks compared to the
control mixture due to a drop in ambient temperature at the test date.
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For the HPC 75 MPa mixtures, the use of CWP material as a partial
replacement of cement in a properly designed concrete mixture developed the
cohesion and decreased bleeding of the high performance fresh concrete mixtures.
Hence, no observed cracks were found at all mixtures except at the 20% CWP
replacement level mixture.
6.2.3 Hardened Concrete Properties
6.2.3.1 Compressive Strength
To summarize, M 25 hardened concrete mixtures with CWP showed
improvement in the compressive strength outcomes due to the very fine particles that
allow for more dense paste packing which affected the interfacial transition zone
with a denser and more homogeneous microstructure. All CWP mixtures achieved
target strength at 28 days of age. In contrast, M 50 concrete mixtures illustrated
negative change in the strength for all CWP replacement levels. For all mixtures with
CWP, strength increased with age, yet lower than the control mix. Strength reduction
reduced with age. Mixture with 10% CWP achieved target strength at 28 days of age,
while mixtures with 20%, 30% and 40% CWP achieved target strength at 56 days of
age.
For all high performance concrete grade mixtures M 75 MPa, the
compressive strength of the high performance concrete mixtures was negatively
affected by the increase of the CWP percentage replacing cement for 20% to 40%
replacement levels, while for 10% CWP a positive change was recorded and target
strength was achieved at 7 days of age. For 20% and 30% CWP, target strength was
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achieved at 56 days of age, while mixture with 40% CWP achieved target strength at
90 days of age.
6.2.3.2 Ultrasonic Pulse Velocity (UPV)
After the inclusion of CWP in mixtures with several dosages, all mixtures
exhibited satisfactory concrete quality. The UPV values increased with age for all
mixtures. As the percentage of CWP increased, a slight decrease in the UPV values
was observed. The reduction did not affect the quality of the produced concrete.
6.2.3.3 Drying Shrinkage
After investigating the 25, 50 and 75 MPa mixtures it can be concluded that
the CWP replacement level decreased the measured 120 days drying shrinkage strain
due to the micro-filling effect by CWP particles and its pozzolanic reaction. On the
other hand, the 20% CWP replacement level for the 25 and 75 MPa concrete grade
mixtures, the effect of the high specific surface area of the CWP was not significant
therefore, drying shrinkage strain increased.
6.2.4 Durability Properties
6.2.4.1 Rapid Chloride Permeability Test (RCPT)
All 25, 50 and 75 MPa concrete mixtures with CWP partially replacing
cement with different levels demonstrated a significant reduction in the RCPT
measurements as the CWP % increased. This is due to the very fine average
particles’ size of the CWP with 5 to 10 µm that resulted in micro-filling and refining
pores size. The effect of CWP was more prominent at late ages which might be due
to its pozzolanic reactivity in addition to the micro-filling effect.
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The chloride permeation rate showed the effect of CWP on the penetration of
chloride ions, which mainly depends on pores’ connectivity. It is apparent that the
replacement of cement by CWP resulted in concrete porosity discontinuity and thus
improved the durability characteristics of the mixtures.
6.2.4.2 Bulk Electrical Resistivity
The incorporation of the CWP material in concrete mixtures partially
replacing cement increased the electrical resistivity values significantly and
improved the corrosion protection level. This have been observed for 25, 50 and 75
MPa concrete mixtures where the higher the CWP content, the less porous, more
dense microstructure and a discontinuous pore system due to the micro-filling and
pozzolanic effect of the fine CWP particles.
6.2.4.3 Sorptivity
All concrete mixtures with different concrete grades 25, 50 and 75 MPa
showed a reduction trend in the sorptivity measurements with age compared to
control mixtures. This decrease could be attributed to the CWP function in
densifying the microstructure of concrete mixtures besides its possible pozzolanic
reactivity that led to the reduction in the capillary porosity and connectivity.
6.2.4.4 Permeable Pores
The results of the Permeable pores percentages for the 25, 50 and 75 MPa
after incorporating CWP with up to 40% in concrete mixtures resulted in decreasing
the pore volume percentages which indicates an improvement in the mixtures
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microstructure with reduced porosity. CWP material plays a vital role in reducing the
concrete mixtures porosity through its filling effect and potential pozzolanic effect.
6.3 Performance Evaluation of Concrete Mixtures
The main conclusion from the performance index (PI) evaluation is that as
the CWP replacement level increased in concrete mixtures; the RCPT, sorptivity and
permeable pores volume decreased; while, the bulk electrical resistivity increased. In
summary, Table 6-1 shows the optimal dosage of CWP in the 25, 50 and 75 MPa
concrete mixtures for each performance criteria.
Table 6-1: Suitable CWP Replacement Level for Different Performance Criteria
Needed Performance
Strength

Recommended CWP %
10%

Slump Loss

10-20%

Durability

40%

Strength + Slump Loss (PI-1)
Strength + Bulk Electrical Resistivity (PI-2)

10-20%
40%

Slump Loss + Bulk Electrical Resistivity (PI-3)

30-40%

Strength + Slump Loss + Durability

20-40%

6.4 Recommendations for Future Studies
Based on the above conclusions, the following are recommendations for
future studies in the field of using CWP in the concrete production:


Investigate the effect of using CWP and different types of admixtures on the
behavior of fresh concrete.
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Incorporation of CWP with other SCM in concrete mixtures to produce
ternary and quaternary blends.



Study corrosion of steel reinforcement embedded in concrete mixtures with
CWP.



Investigate the sulfate resistance of concrete mixtures with CWP.



Study the thermal properties of CWP concrete mixtures.



Structural performance of concrete mixtures including CWP.



Investigate the water absorption of CWP that might have an effect on the
concrete mixture water demand.



Study the effect of the CWP material on the hydration of cement.
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